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To deepen the understanding of the frictional sliding phenomena of rough surfaces,
advances are required in numerical analysis methods at various spatial scales. In this
study, to examine the microscopic behavior of a rough asperity contact corresponding
to a bulk contact on the macroscopic scale, a loop-type meso—macro coupled analysis
scheme is proposed. A mesoscale numerical model and a macroscopic friction model
are required for the proposed multi-scale analysis. A friction model was adopted based
on the multipoint contact model for the mesoscale model, and the pressure- and
state-dependent elastoplastic analogy friction model was used for the macroscale model.
In the proposed meso—macro coupled analysis, the parameter set for the elastoplastic
analogy friction model was first identified via a numerical friction test using the mesoscale
multipoint contact model assuming various conditions. Then, a macroscale finite element
analysis incorporating the elastoplastic analogy friction model was performed for the
macroscopic analysis of contact between a rough rubber hemisphere and a smooth
plate. Here, the information from the mesoscale rough surfaces were reflected in
the macroscale finite element analysis. Finally, a mesoscale localization analysis was
performed in which the macroscopic histories of several typical locations were obtained
by finite element analysis and used as boundary conditions for the mesoscale model. It
is suggested that the microscopic sliding process of rough surfaces represented by the
finite element analysis can be examined using the proposed method.

Keywords: multiscale analysis, real contact area, roughness, friction model, FEM

INTRODUCTION

Friction is an important physical phenomenon in mechanical engineering. For example, friction
between sliding parts of machines not only accounts for the majority of energy loss, but also
causes failure. Meanwhile, rubber materials are often used for mechanical components where a
frictional contact occurs. It is widely known that rubber friction can be categorized into two main
components: adhesion friction and hysteresis friction (Tabor, 1960; Schallamach, 1971; Fuller and
Tabor, 1975; Roberts, 1992; Persson, 2001). According to Roberts and Thomas (1975) and Persson
and Volokitin (2006), adhesion friction is reported to be dominant when coarse rubber slides on a
smooth hard surface. The focus of this study was therefore the adhesion friction of rubber.
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For soft rubber, the distance between real contact points
decreases as the contact load increases, and the mutual
interference between the contact points saturates the real contact
area (Johnson et al, 1985; Manners, 2000; Persson et al.,
2002; Hyun et al, 2004; Yang and Persson, 2008; Maegawa
et al, 2015). In this process, since the ratio of the real
contact area A, to the apparent contact area A, increases, the
relationship between the frictional force and the contact load
is no longer proportional; thus, the friction coeflicient exhibits
a complex pressure dependency (Schallamach, 1971; Persson
et al,, 2002; Yang and Persson, 2008; Maegawa et al.,, 2015).
Therefore, to deepen the understanding of the frictional sliding
phenomena of rubber materials, advances in numerical analysis
methods on various spatial scales are required in addition to
experimental observations.

The invention of the atomic force microscope in the 1985
made it possible to directly measure frictional phenomena
occurring at the atomic (nano) and molecular (micro) scales
(Binnig et al., 1986), and several molecular dynamics methods
were developed around the same time. Meanwhile, macroscale
numerical analysis methods include the finite element and
boundary element methods. At present, many commercial
software packages are equipped with a standard analysis
function for frictional contact problems (Kikuchi and Oden,
1988; Laursen, 2001; Wriggers, 2003). Furthermore, various
phenomenological rate- and state-dependent friction models
have been proposed for more advanced analyses (Dieterich,
1972, 1979; Ruina, 1983; Hashiguchi and Ozaki, 2008; Ozaki and
Hashiguchi, 2010; Ozaki et al., 2012, 2013, 2020). In between
the nano/microscale and macroscale, multipoint asperity level
contact theories take the form of mesoscale models. Thus, studies
focusing on each scale are being actively pursued, and a great deal
of knowledge has already been accumulated as a result.

Meanwhile, multiscale analysis methods that connect analyses
at each scale are also required. A multiscale analysis makes
it possible to examine the elementary behavior of asperities
on a microscopic scale corresponding to macroscopic frictional
contact behavior. However, in practice, contact surfaces that
need to be engineered often have uncertainties due to roughness;
additionally, they have no periodicity or regularity. This makes
it difficult to apply bi-directionally coupled (strong coupling)
multiscale analysis methods, such as the homogenization method
used in computational solid mechanics, to frictional contact
problems. Therefore, it is necessary to use a multiscale analysis
method in another framework that can overcome this issue.

In this study, a loop-type coupled analysis scheme is proposed
that bridges the mesoscale and macroscale domains with
reference to the multiscale uncoupled analysis used in studies of
crystal structures that affect the strength of metals (Watanabe and
Terada, 2010). Specifically, the “mesoscale multipoint contact
model” and the “macroscale finite element analysis model” are
linked via the “rate-, state-, and pressure-dependent friction
model" proposed by the authors (Ozaki et al., 2020). Based on
this scheme, the analysis results at each scale can be mutually
expanded, and a multiscale understanding of the frictional sliding
phenomena becomes possible. The procedure for implementing
the proposed analysis method is summarized below. Note
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FIGURE 1 | Mesoscale model: frictional sliding between a rough elastic
surface and a smooth rigid surface considering stochastic distribution of
asperity heights.

that in this study, the rate dependency of rubber friction is
not considered in order to investigate the pressure-dependent
behavior and the effect of roughness upon it.

The proposed loop-type coupled analysis method procedure
is as follows:

1. Perform a “numerical friction test” using a mesoscale
frictional contact model (mesoscale analysis) at the scale of the
representative contact area.

2. Carry out parameter fitting of the macroscale friction model
by using the results obtained in Step 1.

3. Implement the macroscale friction model in a finite
element model and perform a “macroscale analysis” of
various frictional contact problems using the previously
determined parameters.

4. Select arbitrary evaluation points (nodes or elements) on the
contact surface of the macroscale finite element model, and
perform a “localization analysis” at the mesoscale using the
histories of contact stress and sliding velocity as boundary
conditions. Then, study the elementary behavior on the
mesoscale corresponding to the macroscale analysis results.

FRICTION MODELS

The mesoscale and macroscale friction models are briefly
explained in this section.

Mesoscale Model

In this study, the statistical model of asperities in contact based on
Greenwood and Williamson (1966) was adopted as the mesoscale
analysis model. Figure1l shows a schematic of this analysis
model. This model corresponds to multi-point contact between
an elastic rough surface and a rigid smooth surface. As shown in
the figure, there are N asperities on the upper surface, and the
height of asperity i is z;. Assuming that the distance between the
rough surface and the smooth surface is d, the compression of
asperity i in the normal direction, §;, is given as follows:

5 =

{zi—d for z; >d )

0 for z; <d
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Here, it is assumed that the deformation of the asperity follows
Hertz’s contact theory. Thus, the radius of contact a;, the contact
area A;, and the normal load w; supported by the asperity can be
defined in the following manner:

a; = +/ B3; (2)
A= Jml2 3)

__ M s
"= s VA (4)

where E and v are the elastic modulus and Poisson’s ratio of the
asperity, respectively, and B is the radius of curvature at the tip of
the asperity. Further, the tangential contact stiffness k; is given by
the following equation using the shear modulus, G, and Poisson’s
ratio, v:

. 8G(1i

k:
! 2—v

(5)

The friction force F; is expressed by the product of the tangential
contact stiffness k; and the tangential displacement u when

TABLE 1 | Conditions of the numerical friction test using the statistical model of
asperities in contact.

Number of trials 10 Analysis range 1x1
[ [mm?]

Young’s modulus of 1.5 Poisson’s ratio of 0.49
Rubber Rubber

E [MPa] v[]

Average asperity height 35 Sliding velocity 0.1

Zave [um] v [mm/s]

Maximum height 20.0, 56.5 Shear strength 0.5
Rz [um] 7[MPa]

Asperity radius 10 Interval of asperity 20

B [nm] [

Normal stress 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50

sticking, and by the product of the shear strength 7 and the
contact area A; when sliding. That is,

~_Jkiu for kiu < At

Fi= {Air for kju > A;t ©)

Macroscale Model

In the proposed loop-type coupled multiscale analysis scheme,
the capabilities of the macroscale friction model are important. In
this study, the rate-, state-, and pressure-dependent elastoplastic
analogy friction model previously proposed by the authors was
used as the macroscale friction model (Ozaki et al., 2020).
This model can rationally describe basic frictional sliding
characteristics such as the smooth transition of static-kinetic
frictions, time-dependent recovery of static friction, velocity-
weakening of frictional resistance, and pressure dependency.

o
'S

o
w

S
%)

Friction stress [MPa]
o

0 0.005 0.01 0.015 0.02

Sliding displacement [mm]

FIGURE 3 | Variation in friction stress with sliding displacement under eight
levels of constant normal stress, where Rz = 20.0 um. The solid lines show
results obtained by a numerical friction test (NFT), while the open circles show
the fitting results from the macroscale friction model.

£, [MPa]
A B
= 75 um =
g H g 75 um
(T T
0 pm 0/ pum

FIGURE 2 | Example distribution of asperity heights: (A) Rz =20.0 um and (B) Rz =56.5 um.
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As rate dependency was not considered in this study, the state
and pressure dependencies are the focus of this section. The
relationship between the contact stress rate f and sliding velocity
v is defined in the following manner (Hashiguchi and Ozaki,
2008; Ozaki and Hashiguchi, 2010; Ozaki et al., 2012, 2013, 2020):

f=cC?v 7)
where the second-order elastoplastic contact stiffness tensor is
given as:

,
aioynRTS, — ooyt

C?=an®n+o;I—n®n)—t 8
A0 @ n + a( ®n) —t® w1 UTS, (8)
1.6
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FIGURE 4 | Relationship between the steady state ratio of stress (friction
coefficient) and normal stress. Here, the closed circles show the results of the
numerical friction test (NFT), while the open circles show the results of the
macroscale friction model (Macro FM).

Here, o, and «; are the elastic contact stiffness moduli in the
normal and tangential directions, respectively; I, n, and t are
the unit tensor, unit normal vector, and unit tangential vector,
respectively; and n and t are defined as follows:

f, f;
¢ t

; €
|1£]] |1£:1]

n

where f, and f; are the normal and tangential contact stress
vectors, respectively, and hold the relationship of f =f,, + f;.

In this study, R(0 < R < 1) is defined as the state variable to
describe the microscopic sliding before gross sliding, and is called
the normal-sliding ratio. The following function was adopted for

Z 02 Rz=20.0 pm
5 - -
2 /’

e ! Rz=56.5 pm
o 01 | lecccccccecee oo ===
=

Q

=

—

0 1 1 1 1
0 2 4 6 8 10

Elapsed time [s]

FIGURE 6 | Variation of friction force on rubber hemisphere over time obtained
by finite element analysis under two roughness conditions. Here, the vertical
pressing displacement of the rubber hemisphere is 0.25 mm.

Vertical displacement

Normal displacement [mm)]

FIGURE 5 | (A) Finite element model and (B) Sliding condition.
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the evolution law of the normal-sliding ratio:

R=UR)|I¥|| (10)

where

UR) = rcot{(%) R} (11)

Here, r is the parameter for microscopic sliding and ¥* is the
plastic (irreversible) sliding velocity.

Meanwhile, to describe the pressure dependency, the variable
S, = A,/A, is introduced in the model. Here, A, is the real
contact area and A, is the apparent contact area. The pressure

1

—

L

= 08

5 A

) A
-8 A A
E 0.6

Q

o & L 2 L 2 L 2
© 04}
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= Rz=20.0 ym
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0 1 2 3 4 S
Normal load [N]

FIGURE 7 | Relationship between the friction coefficient and normal stress at
the bottom of the rubber hemisphere, obtained by finite element analysis.

dependency of the real contact area is assumed as follows:

Sy =1 — exp(—b|f,|]) (12)
/ aSr
3| If |

where b is the parameter for pressure dependency.

MULTISCALE ANALYSIS

In this study, the contact between a rough rubber hemisphere
made of cross-linked polydimethylsiloxane (PDMS) and a
smooth plate made of polymethylmethacrylate (PMMA)
(Maegawa et al, 2015) was adopted as the analysis target.
Although PDMS hemispheres with different surface roughness
values were assumed in the analysis, a quantitative comparison
is beyond the scope of this study as the purpose of this study
was to propose a meso-macro coupled analysis method. In
the following sections, the details of each step of the proposed
analysis method are described. Note that it was assumed that
the PMMA plate was a rigid body in the analysis because the
Young’s modulus of PMMA is sufficiently large compared to that
of PDMS.

Numerical Friction Test

This section describes the numerical friction test using the
statistical model of asperities in contact, as shown in Figure 1.
The heights of asperity, z;, were assumed to correspond to two
levels of surface roughness. Here, the heights of asperity were set
to follow a normal distribution.

Table 1 lists the conditions evaluated in the numerical friction
tests, in which two levels of roughness were controlled by setting
the maximum height Rz, where the values of Rz correspond
to 60 of each normal distribution. In addition, eight levels of
normal stress (pressure) were evaluated to examine the pressure
dependency. In the analysis, the target normal stress f, was set,

A g4 & B 2 0.4
1 1 1
3 5 E ! Q)
= : ! :
E 03 | ; 0.45 mm! L 0.3
1 1 e
w2 1 1 1
3 H ! Normal stress - 2
jU:) 02 b3 E O.25mmi L 02 3
1 1 —
S : | 2
1 1
g ot ! Sliding velocity | o1 éﬁ
z" T ™S
! :'0.45 mm ! 175}
0 —II-" 1 1 : 0
4 6 8 10
Elapsed time [s]

FIGURE 8 | Results of a meso—-macro coupled analysis of the effect of vertical pressing displacement, where the surface roughness of the rubber was Rz =20.0 pm:
(A) History of the normal stress and sliding velocity obtained by the finite element analysis; (B) Localization analysis result of friction stress vs. sliding displacement.

B 03
£
= 0.45 mm
02t
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2 |
7]
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e
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=
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and the parameters §; and w; were calculated using Equations
(1) and (4), respectively. Then, the distance d was repeatedly
increased by a small amount until the calculated normal stress
reached the target value. Thereafter, the sliding displacement was
given and the tangential stress (friction stress) was calculated
by Equation (6) under a constant normal stress. Figure 2 shows
examples of the asperity height distributions, where the 1 x
I mm analysis area corresponds to the apparent contact area
A,, and is the representative contact area. Note that because

random numbers were used, the distributions of asperities shown
in Figure 2 were different for each analysis, and 10 tests were
performed for each condition.

Figure 3 shows an example of the numerical test results for the
relationship between frictional stress and sliding displacement
under eight levels of normal stress. Here, Rz is 20.0 um. The
averaged results of 10 tests are shown for each normal stress
condition. As can be confirmed from the figure, the friction
stress increases with sliding (the tangential movement of the

1.0

0.8

. 0.6
Time A

0.4

0.2

2—‘;:67 :,”z. !"ﬁ'
B o R

Time B

Time C

0 02 04 06 08 1.0

(A) 0.25mm and (B) 0.45mm, and the analysis area is 1 x 1 mm.

A Vertical displacement 0.25 mm s Vertical displacement 0.45 mm

FIGURE 9 | Results of a mesoscale analysis of the contact area, where the surface roughness of the rubber is Rz = 20.0 wm, the pressing displacements are
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smooth flat plate) and reaches a steady state. In addition,
because the real contact area in the mesoscale model varies
depending on the normal stress, the magnitude of friction stress
also varies.

Figure 4 shows the results of the pressure dependency
of the friction coeflicient (as a ratio of stress fi/f,). Plots
in the graph are average values during the steady state of
the 10 tests. It is confirmed that the friction coefficient
decreases as the normal stress increases. The reason for the
tendency shown in Figure 4 is that the distance between the
real contact points decreases as the normal stress increases,
and the mutual interference between these contact points
slows down the increase in the real contact area (Persson
et al,, 2002; Yang and Persson, 2008; Maegawa et al.,, 2015).
Furthermore, the smaller the surface roughness, the larger
the friction coefficient. These tendencies have also been
confirmed in the actual friction tests simulated by these analyses
(Maegawa et al., 2015).

Parameter Fitting of Macroscale Friction
Model

In this section, the determination of the friction model
parameters used for the macroscale finite element analysis is
described. The following parameters were determined: the elastic
contact stiffness moduli «, and oy r, which prescribes the
smoothness of the stick-to-slip transition; and b, which prescribes
the pressure dependency. Additionally, the shear strength shown
in Table 1 was adopted.

In the mesoscale model adopted in this study, the initial slope
of the friction stress—sliding displacement relationship differs
depending on the normal stress because the contact radius of
asperity is used for the tangential stiffness [see Equation (5)].
Since the pressure dependencies of the elastic moduli were not
considered in the macroscale friction model, the parameter fitting
was performed by focusing on the result f,= 0.25 MPa. The

determined parameters are accordingly listed below:

Rz = 20.0pm: o, = oy = 65MPa/mm, 7 = 1400mm ™},
b = 2.03 MPa™!

Rz = 56.5pm: oy = o, = 35MPa/mm, r = 1200mm ",
b = 123MPa~!

Figures 3, 4 also show an example of the fitting results
by the macroscale friction model (the open circles). By
using an appropriate macroscale friction model, the results
of the mesoscale analysis can indeed be obtained at a low
calculation cost.

Finite Element Analysis

In this section, the finite element analysis of the frictional contact
between a rough rubber hemisphere and a smooth plate is
described. The commercial software package MSC Marc (2020)
and its related user subroutine for the implementation of the
friction model was used in this analysis.

Figure 5 shows the finite element model and boundary
conditions. The rubber hemisphere and the flat plate were
discretized by eight-node solid elements. Note that a fine
mesh was adopted for the rubber contact surface. The rubber
hemisphere was a linear elastic body, and its Youngs modulus
and Poisson’s ratio were set to E = 1.5 MPa and v = 0.49,
respectively, while the flat PMMA plate was considered a rigid
body. The radius of the rubber hemisphere was 11 mm. In the
analysis, the upper surface of the rubber hemisphere was fixed
in the in-plane direction and subjected to a prescribed forced
displacement in the vertical direction (normal to the plate) in
order to press it against the plate. Then, a forced velocity (0.1
mm/s) was applied to the plate in the x-direction to slide over
one another. Note that the displacement of the plate was fixed in
all directions except the x-direction.

Figure 6 shows an example of the macroscale analysis results,
in which the vertical pressing displacement of the rubber

A o3 A& . > 0.4 B 025

. ! Normal stress ! — —_

I 1 1
iy i i R==20.0 um A ch
& ; — : - S 02 | Rz=20.0 um
E : H 2=56.5 um : [ 10 =,

1 [
= 0 g : ! > A 015 |
5 j 5 : B 2 Rz=56.5 ym
= : ; L 02 8 v =i
Z : : ) S 01|
S o1 : : > =
g 56.5um  Sliding velocity | 20 k3
;6 ,'T v * - 0.1 = LE 0.05
1 1
Z E ! E R==20.0 um : —=
[ 1 2 . N
'3 , : .
0 . N . p . . 0 0 0.01 0.02 0.03
1 Rt .
. Sliding displacement [mm)]
Elapsed time [s]
FIGURE 10 | Results of a meso-macro coupled analysis of the effect of surface roughness, where the pressing displacement is 0.35 mm: (A) History of the normal
stress and sliding velocity obtained by the finite element analysis; (B) Localization analysis results of friction stress vs. sliding displacement.
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hemisphere is 0.25 mm. This figure shows the variation in friction
force on the rubber hemisphere over time. From the figure, it
can be seen that the frictional force gradually increases with the
movement of the flat plate before reaching a steady state. In
addition, the magnitude of the frictional force in the steady state
reflects the roughness in the mesoscale model, i.e., the friction
force decreases as the roughness increases. This tendency has also
been confirmed in previous experiments (Maegawa et al., 2015).

Figure 7 shows the relationship between the friction
coefficient and normal stress at the bottom of the rubber
hemisphere. Here, the friction coefficient was evaluated using
the contact stresses at the center contact node. As can be
seen from the figure, the pressure dependence of the friction
coefficient is expressed even in the finite element model
via the macroscale friction model, thereby reflecting the
mesoscale condition.

Time A

Time B

Time C

(B) Rz =56.5 um, and the analysis area is 1 x 1 mm.

FIGURE 11 | Results of a mesoscale analysis of the contact area, where the pressing displacement was 0.35 mm, the surface roughnesses are (A) Rz =20.0 pm and

S0 %
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Localization Analysis

In this section, the results of the mesoscale localization analysis
are discussed using the histories of the normal stress and sliding
velocity of arbitrary contact nodes obtained by the macroscale
finite element analysis as boundary conditions. The model used
here is the same as that used in the numerical friction test
described in Section Numerical Friction Test.

Effect of Vertical Pressing Displacement

In this section, the effect of the vertical pressing displacement of
the rubber hemisphere is described. Here, the surface roughness
of the rubber was Rz = 20.0pum, and the vertical pressing
displacement was evaluated at two levels. The node at the bottom

center of the hemisphere was used as the evaluation point.
Figure 8A shows the variation in the normal stress and sliding
velocity over time obtained by the finite element analysis. It is
confirmed that the transition to gross sliding is delayed when the
pressing displacement increases. Further, Figure 8B shows the
results of the mesoscale analysis using the data in Figure 8A as
input conditions; the graph shows the relationship between the
frictional stress and the sliding displacement.

Times A, B, and C in Figure 8A represent the characteristic
states corresponding to the vertical pressing process, the transient
process between stick and slip, and the steady state, respectively.
Figures 9A,B show the results of the mesoscale analysis of
the contact area when the pressing displacement is 0.25 and

fmmsEmme 4 mme F-mm ;1 mm
- . P a— P — [
=}
5 [¢]
7]
e
. .. g
(1)
FIGURE 12 | Evaluation points: (A) Multi-scale analysis; (B) Experiment (Normal load 3.8 N, Ra = 2.11 um).
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0.45 mm, respectively. Here, the contour range shows the ratio
of contact area when the area 7 82 is set to 1.0. From the result
at time A, it is observed that the magnitude of the normal stress
affects the distribution of the real contact area. In addition,
when the pressing displacement is smaller, the distribution of
the real contact area at time B already shows the same area
as under the steady state at time C. Meanwhile, when the
pressing displacement is larger, sliding has hardly occurred at
time B. Thereafter, gross sliding occurs and the normal pressure
increases, and at time C, the real contact area increases. Thus, by
performing the localization analysis, the microscopic state can be
examined, such as the variation in friction stress and real contact
area corresponding to the macroscale finite element analysis.

Effect of Surface Roughness
Next, the effect of surface roughness is discussed. Here, the
pressing displacement was 0.35mm, and two levels of rubber
surface roughness were adopted (Rz = 20.0 pm and 56.5 um).
The node at the bottom center of the hemisphere was used as the
evaluation point. Figure 10A shows the variation in the normal
stress and sliding velocity with elapsed time obtained by the finite
element analysis. Figure 10B shows the results of the mesoscale
analysis using the data in Figure 10A as input conditions. The
graph shows the relationship between the frictional stress and
sliding displacement. From these figures, it is confirmed that the
surface roughness influences the stress and sliding.

Figures 11A,B show the results of the mesoscale analysis of
the contact area under conditions of Rz = 20.0 pum and 56.5 pm,

respectively. Here, the contour range shows the ratio of contact
area when the area 7 82 is set to be 1.0. The focused times are
shown in Figure 10A. From time A to time B, it can be seen that
the real contact area increases, and its rate of increase is affected
by the surface roughness. In the steady state (time C), the smaller
the surface roughness, the larger the real contact area for the same
levels of normal stress. As a result, as shown in Figure 10B, it
is assumed that the variation in friction stress with elapsed time
is affected.

Effect of Contact Location

This section describes the effect of the location of evaluation
points in the contact zone on the determined friction behavior.
Figure 12A shows the finite element model of the rubber
hemisphere viewed from directly below. In the localization
analysis, nodes (i)-(iii) shown in the figure were used as
evaluation points.

Figure 13A shows the variation in the normal stress and
sliding velocity with elapsed time obtained by finite element
analysis. Figure 13B shows the results of the mesoscale analysis
using data in Figure 13A as input conditions. Here, the pressing
displacement is 0.45mm and the surface roughness is Rz =
20.0 um. It can be seen in the figure that the normal stress at
the bottom center [node (i)] is the largest, and the occurrence
of gross sliding is the most delayed. In addition, it is confirmed
that the normal stress decreases toward the outside of the contact
area. The relationship between the friction stress and sliding
displacement at the mesoscale also reflects the results of the
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FIGURE 14 | Results for the contact area obtained by (A) the mesoscale analysis and (B) the experiment, where the analysis area is 1 x 1 mm.
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finite element analysis and its boundary conditions. Thus, by
using the proposed meso-macro coupled analysis method, it
is possible to study the microscopic behavior according to the
geometric conditions and contact conditions with a macroscale
finite element analysis.

Finally, the distribution characteristics of the real contact
area obtained by the proposed meso-macro coupled analysis
are qualitatively compared with the results of an experiment.
Figure 12B shows the real contact area using a method for
visualizing real contact regions formed in the apparent contact
zone (Maegawa et al., 2015). Note that the rubbing materials
used in the referenced study were the same as those used in this
study, but their roughness conditions were different. The contour
map in the figure shows the reflected light intensity after image
processing, in which the bright portions correspond to the areas
of real contact.

Figures 14A,B show a visualization of the real contact area
results in steady state sliding obtained by the proposed multiscale
analysis and previous experiment, respectively, corresponding to
regions (i), (ii), and (iii) in Figures 12A,B, respectively. Although
a quantitative comparison is difficult because of the different
roughness profiles, it is confirmed that the relationship between
the contact position and roughness determined by analysis and
experiment reasonably agree. In other words, the ratio of the real
contact area to apparent contact area decreases as the surface
becomes rougher and closer to the outside of the contact area.
However, the results of the mesoscale localization analysis are
averaged over the representative contact area, so the normal
stress distribution is homogeneous. Therefore, please note that
the gradient of the results according to the stress distribution
within the representative contact area is not represented as shown
for the experiment results.

CONCLUSION

This study proposed a loop-type coupled analysis scheme
to bridge the mesoscale and macroscale domains of friction
analysis. Specifically, the mesoscale multipoint contact model
was linked with the macroscale finite element analysis model
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