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Abstract
Two rollers contact each other under the normal load, and when the driving roller rotates, it

drives the driven roller rotate by the tangential force on contact area. Finite Element Method analysis

and experimental analysis are adopted to research the motion mechanism of two rollers which elastic-

ity has big difference both on the condition of direct contact and indirect contact. From the analysis

it is achieved that the relative sliding between the two rollers is due to the tangential force on the

contact area and the radial compression deformation of the soft roller which has greater elasticity. For

the condition of indirect contact in which a layer of inter-medium exists between the two rollers, the

relative sliding is greater than that on the condition of direct contact, and the hardness of the inter-

medium layer affects the relative sliding between the two rollers. And for the condition of multiple

rollers in the state of pressing contact, the number of contact areas on the soft roller also affects its

motion characteristics.
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0 Introduction

Deformation of two rollers under the normal load is
illustrated in Ref. [ 1], the tangential force is transmit-
ted through the contact area. Because of the friction on
the contact area, the tangential force of the two rollers
is in the opposite direction. As a result, the driving
roller’ s surface is compressed when it starts to enter
into the contact area, and is stretched when it starts to
leave the center of contact area. On the contrary, the
driven roller’ s surface is stretched when it starts to en-
ter into the contact area and is compressed when it
starts to leave the center of contact area. Then the two
rollers’ surfaces have different tangential elastic de-
formation, and a certain point on the driven roller lags
behind the corresponding point on the driving roller,
which causes relative sliding.

In the inking system of a printing machine, hard
and soft ink rollers arrange alternately in the state of
pressing contact. Soft rollers deform when pressed,
and elastic deformation of hard rollers can be ignored
compared to soft rollers. And in inking system, some
rollers are driving rollers, others are driven rollers,
they are driven to rotate by the power transmitted
through pressing contact among rollers.

In Ref. [2], theory and formulas for the contact
of rigid object and elastic object is given. And there
are some researches about the contact mechanics mod-
el, friction model, and rolling friction mechanism" > .
There are also some researches about the relative slid-

(6,71 , and study of the relation be-

ing for gear meshing
tween friction force and relative sliding speed'®.

In this paper, the motion mechanism and relative
sliding of two contacting rollers which elasticity is dif-
ferent greatly, for example, ink rollers in inking sys-
tem, are researched through the finite element method
(FEM) analysis and experiment analysis. The main
content includes analysis of the motion mechanism and
relative sliding when the two rollers contact directly and
indirectly, and motion characteristics when there are
also some other rollers exerting force on them.

1 Motion mechanism when two rollers con-
tact directly

1.1 FEM analysis
1.1.1 Transient dynamic response’ s mathematical
model and solution mode"”’
To solve the dynamic response of two rollers, the
finite element method of dynamic analysis is based on

the system’ s kinetic energy, displacement and dissipa-
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tion function of consumed power, and an equation can
be obtained from Lagrange equation :

Mq(t) + Cq(t) + Kq(t) = F(1) ()
where M is the mass matrix, C is the damping matrix,
K is the stiffness matrix and F(t) is the node load vec-
tor, q(t) is the displacement vector of node, g(t) is
the velocity vector of node, and ¢(t) is the accelera-
tion vector of node.

This equation is used for the FEM dynamic analy-
sis in ANSYS. And Newmark direct integral method is
used to solve the equation in this study.

According to the dynamic equations, the state
vector g(t + At), q(t + At) and q(t + At) at time ¢ +
At are obtained from the state vectorg(t), ¢(t) and
q(t) at time t. The response of the discrete points in
the whole period is calculated step by step.

q(t+A1) =q(1) +[ (1 —a)q(1) +aq(t+At) ]

At (2)
q(t +At) =q(t) +q(1)At + [ (0.5 =B)q(1)
+ Bt +At) ] - AP (3)

where @ and B are constant in the formulas, and if « =
0.5, 8 = 0.25, the Newmark method is the average
acceleration method. This is the theoretical basis of
transient dynamic analysis, and the finite element mod-
el is solved on this basis.
1.1.2  FEM model

Inking system of a printing machine is shown in
Fig. 1, all of roller 6 are soft, which are deformed
when they are pressed, and rollers 3, 4, 5, 7, 9 are
hard rollers, their elastic deformation can be ignored
compared to the soft roller, as shown in Fig.2. And roll-
ers 3, 4, 5 are driving rollers, while others are driven
rollers, which are driven to rotate by the power trans-
mitted through pressing contact among rollers.

Fig.1 Inking system of printing machine

hard roller

soft roller
i
Fig.2 Rollers in the state of pressing contact

Based on Fig. 1 and Fig.2, an FEM model is es-
tablished.

The soft roller in this paper is a steel roller cov-
ered by a layer of rubber, so only the rubber layer
model is established for modeling conveniently, but the
mass and rotational inertia of the center steel roller are
added to the model. Its inner diameter is 45mm and
outer diameter is 65mm, the hardness of rubber layer
is 70 Shore A.

Compared to the soft roller, the deformation of the
hard roller can be ignored, and according to the actual
condition in Fig. 1, its material is plastics, its elasticity
modulus is 4000 MPa and Poisson ratio is 0. 33, its
outer diameter is 65mm.

The FEM model is shown in Fig. 3. The surfaces
of the two rollers are a contact pair. Friction coefficient
ranges from 0.3 to 0. 6 for these two kinds of materi-
als'"® | and in this paper it is set to be 0. 5.

Hard cylinder

i

S Soft cylinder

Fig.3 FEM model of the hard and soft rollers

1.1.3 FEM result and analysis

The two rollers are in the state of line-contact in
the initial FEM model shown in Fig. 3. Then a force of
100N is exerted on the hard roller to make it in the
state of pressing contact with the soft roller (as shown
in Fig.2). And the hard roller is the driving roller, a
rotation speed of 47 rad/s around the horizontal axis
(Z axis) is set. The soft roller is driven roller, no ini-
tial rotation speed.

Fig. 4 to Fig. 6 are the force in X, Y, Z direction
respectively on the initial contact area of the soft roller.
The force in Y direction ( Vertical direction) is — 100N
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at the initial moment, and with the two rollers’ rota-
tion, the initial contact area gradually turn away from
the center pressing area, so the force in Y direction
slowly reduces to zero as shown in Fig.5. The friction
force of the contact area exists due to the rotation, as
shown in Fig. 4, the force in X direction (that is, tan-
gential force) is the rolling friction force, and the soft
roller rotates around Z axis by this tangential force, and
the tangential force decreases to zero finally with the
initial contact area turning away from the center press-
ing area gradually. The force in Z direction can be neg-
lected compared with the force in X, Y direction.
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Fig.4 Force in X direction
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Fig.5 Force in Y direction
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Fig.6 Force in Z direction

Rotation speed of the two rollers can be achieved
from FEM analysis. As shown in Fig.7, the average
rotation speed of hard roller is 12. 62 rad/s, and the
average rotation speed of soft roller is —12.51 rad/s,
thus the rotation speed difference is 0. 11 rad/s.

14 4 Driving hard cylinder
T [ Driven soft cylinder

6
o]
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-10 { !
14 ] g
-18 ; :
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Time (s)

Rotation speed (rad/s)

Fig.7 Two rollers’ rotation speed

1.2 Experiment analysis
1.2.1 Experiment

The right two rollers in the experiment apparatus
in Fig. 8 are used to analyze the motion mechanism of
two rollers which elasticity is different greatly, right
roller is hard, and the other one is soft. Diameters of
the two rollers are all 65mm, and are same with the

FEM model.

oft cylinder

ard eylinder

Fig.8 Experiment apparatus

As shown in Table 1, a certain relative sliding ex-
ists between the two rollers, and it is consistent with
FEM analysis. Deformation of the soft roller, rotation
speed of the two rollers, and the relative sliding are in-
creased with the increase of the pressure between the
two rollers. That is, with the increase of the rotation
speed and soft roller’ s deformation, the relative sliding
between the two rollers increases too. In this paper,
relative sliding is represented by the linear velocity
difference.

1.2.2  FEM model verification

A set of data in Table 1 is used to verify the accu-
racy of the FEM model when pressure is 0. 3MPa.

In the FEM model, a displacement of —0.325mm
in Y direction is exerted on the hard roller to make it in
the state of pressing contact with the soft roller, and its
rotation speed is set to be 10qrad/s.
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Table 1 Experiment results of two rollers

Pressure Deformation of Rotation speed (1/min) Rotation speed Linear velocity
(MPa)  Soft Roller (mm) Hard Roller Soft Roller difference (1/min)  difference (mm/s)
0.10 0.175 283.00 278.33 4.67 16.06
0.20 0.248 287.78 282.73 5.05 18.45
0.30 0.325 301.85 295.73 6.12 23.32
0.40 0.372 326.17 318.38 7.78 29.97
0.50 0.401 336.07 327.40 8.67 33.58

As shown in Table 2, the speed difference got
from the experiment is 6.12r/min, and the speed
difference got from the simulation is 5. 94r/min. Al-
though a certain error with the experiment condition ex-
ists in the simulation model and boundary conditions,
the results of simulation and experiment are closed to
each other and within the acceptable error range.
Therefore the conclusion can be got that the simulation
model corresponds to the actual condition, and the
analysis result of this model is accurate and reliable.

Table 2 Comparison of experiment and simulation analysis

Experiment Simulation

result result

Deformation of soft roller( mm) 0.325 0.325

Rotation speed of hard roller( r/min) 301.85 301.84

Rotation speed of soft roller(r/min) 295.73 295.90
Speed difference of two rollers(r/min) 6.12 5.94

1.3 Influence factors

When the diameter and material of the two rollers
are determined, the factors that affect the force and
motion of the driven soft roller include the rotation
speed of the driving hard roller, and the normal load
on the two rollers (radial deformation of the soft roller
is decided by it). So in the following analysis the rota-
tion speed of the driving roller and the deformation of
the driven roller are changed to analyze the influence of
the two factors on the force and motion of the driven
soft roller, thus the motion mechanism of the soft roller
can be obtained.

1.3.1 Rotation speed of the driving hard roller

Displacement of —0.5mm in Y direction is exer-
ted on the driving hard roller, and its rotation speed is
7 ~ 107 rad/s.

The soft roller’ s tangential force on the initial
contact area at different rotation speed is shown in
Fig.9. It can be seen that the tangential force increa-
ses with the rotation speed, and the maximum value in-
creases from 2N to 23N when the rotation speed increa-
ses from r to 10mrad/s. The tangential elastic deform-
ation increases with the tangential force, that means

the surface stretching of soft roller when entering into
the contact area and the surface compression when
leaving the contact area increase too, consequently,
the relative sliding increases. As shown in Table 3,
with increase of the hard roller’ s rotation speed, the
relative sliding between the two rollers increases from

2.37mm/s to 43.52mm/s. As shown in Fig. 10, the

23 -

-2 —— T
1.000 1.003 1.006 1.011 1.016
Time (s)

Fig.9 Soft roller’ s tangential force

Table 3  Relative sliding with rotation speed

Rotation speed (rad/s) s 2 3w 41 S

Rotation speed

difference (rad/s) 0.02 0.05 0.08 0.11 0.13

Linear velocity
difference (mm/s)

Rotation speed (rad/s) 6w 7w 8w 9w 10w

2.37 4.66 7.29 9.89 12.17

Rotation speed

difference (rad/s) 0.17 0.23 0.38 0.60 0.84

Linear velocity

difference (mm/s) 15.22 18.67 25.31 34.08 43.52

504
— Relative sliding

Relative sliding (mm/s)
%} (%) N
(=} (=} (=]

—_—
(=}
1

(=}
1

0 2 4 6 8 10
Rotation speed (pi rad/s)
Fig.10 Relative sliding with rotation speed
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relative sliding increases linearly with the hard roller’ s
rotation speed, and when the speed reaches to 71 rad/s,
the relative sliding increases sharply.
1.3.2 Deformation of the soft roller

Rotation speed of the driving hard roller is
24 rad/s, displacement of the hard roller in Y direction
is from —0.2mm to —0.9mm (it corresponds to the
radial deformation of the soft roller).

The soft roller’ s tangential force at different de-
formation is shown in Fig. 11. When the radial deform-
ation changes, it is nearly stable, and the maximum
value is equal to SN when the rotation speed is 2t rad/s.
That is, at the same driving roller’ s rotation speed,
the tangential force on the initial contact area of soft
roller is almost the same, and the tangential elastic de-
formation caused by the tangential force is also the
same, namely the tangential force has the same influ-
ence on the relative sliding.

0.2
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Fig. 11  Soft roller’ s tangential force at different deformation

Table 4 shows that with the increase of the hard
roller’ s displacement, that is, the soft roller’ s deform-
ation increases, the relative sliding between two rollers
increases from 1. 98mm/s to 9. 60mm/s. And as
shown in Fig. 12, the relative sliding increases almost
linearly with the soft roller’ s deformation.

Table 4 Relative sliding with soft roller’ s deformation

Soft roller’ s deformation 0.2 0.3 0.4 05

(mm)

Rotation speed

Gifference (rad/s) 002 003 0.03  0.04

Linear velocity

difference (mm/s) 1.98 2.79 3.64 4.35

Soft roller’ s

deformation ( mm)

0.6 0.7 0.8 0.9

Rotation speed

difference ( rad/s) 0.05 0.07 0.08 0.13

Linear velocity 5 40 6.59 76 9,60

difference (mm/s)

104 | — Relative sliding
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Fig. 12 Relative sliding with soft roller’ s deformation

For this condtion, the effect of tangential force on
the relative sliding is the same, and the difference of
relative sliding is caused by the soft roller’ s radial de-
formation.

1.4 Motion mechanism of two direct-contact roll-
ers

The motion of two direct-contact rollers is mainly
decided by the tangential force on the contact area and
the deformation of soft roller. When the diameter and
material of the two rollers are decided, the tangential
force is determined by rotation speed of the driving
hard roller, and with the increase of the rotation
speed, a larger tangential force on the contact area is
needed in order to increase the speed of the driven soft
roller, and the tangential elastic deformation increases
with the force, then the relative sliding increases. But
the tangential force on the contact area of soft roller is
approximately the same when the hard roller’ s rotation
speed is the same while the deformation of the soft roll-
er is different. With the increase of the radial deforma-
tion of soft roller, the relative sliding between two roll-
ers increases.

So, it can be concluded that, the relative sliding
between two direct-contact rollers with different elastic-
ity, is caused by the tangential elastic deformation and
radial elastic deformation of the soft roller.

2 Motion mechanism when two rollers con-
tact indirectly

In actual conditions, maybe the two rollers contact
indirectly, and a layer of inter-medium exists between
them. For example, in the inking system of a printing
machine shown in Fig. 1, a layer of ink exists between
two ink rollers on the normal working condition, and
the two rollers are in the state of indirect contact.

The force and motion of two indirect-contact roll-
ers are analyzed, and compared with the condition of
direct contact, the effect of the inter-medium layer on
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the force and motion of the driven soft roller is
achieved.

2.1 FEM analysis
2.1.1 Modeling

FEM model is shown in Fig. 13, a rubber layer of
1mm thickness covers the hard roller as the inter-medi-
um between two rollers. And the model of hard roller
and soft roller are the same with the above analysis.

Fig.13 Model of two rollers with a layer of inter-medium

The contact type between outer surface of hard
roller and inner surface of rubber layer is binding. And
the outer surfaces of the rubber layer and soft roller are
a contact pair. The friction coefficient is set to be 0.5.
2.1.2 Force and motion analysis of soft roller
2.1.2.1 Effect of driving roller’ s rotation speed on
the force and motion

The driving hard roller’ s displacement in Y direc-
tion is — 0. 2mm, which can make the two rollers in
the state of pressing contact. Rotation speed of the
driving hard roller is w ~ 8 rad/s, the hardness of
the rubber layer is 50 shore A.

1) Force of the driven soft roller

Soft roller’ s tangential force on initial contact area
at different rotation speed of driving hard roller is
shown in Fig. 14. It is similar to Fig. 9, and the tan-
gential force increases together with the hard roller’ s
rotation speed. Fig. 15 is the Y directions’ force on the
contact area of driven soft roller. The force in Y direc-
tion is — 27N at the initial moment. With rotation of
the two rollers, the rubber layer (inter-medium layer)
is compressed to be deformed when it starts to enter in-
to the contact area, then pressure occurrs and exerts on
the soft roller, and the Y direction’ s force on the con-
tact area of driven soft roller increases to —32N. This
is different from the analysis of two rollers on the state
of direct contact. With the rotation of the two rollers,

the initial contact area gradually turns away from the

center squeezing area, so the force in Y direction re-
duces slowly to zero. Fig. 15 also shows that Y direc-
tion’ s force is not affected by rotation speed of hard
roller.

0995 1.005 1.015 1.025 1.035 1.045 1.055

Time(s)

Fig.14 Force in X direction for indirect contact

0.98 1.02 1.06 1.10 1.14
Time(s)

Fig.15 Force in Y direction for indirect contact

2) Deformation of the driven soft roller

Deformation of soft roller is caused by the force in
Y direction, and for the 8 conditions, force of soft roll-
er in Y direction is the same (Fig. 15), so the deform-
ation is the same. The original radius of the soft roller
is 32.500mm, and in Fig. 16, the radius before rota-
tion is 32.310mm, and the minimum radius when ro-
tates is 32.297mm. It is consistent with the results of
Fig. 15, namely, the rubber layer will produce a cer-
tain pressure, that will increase the deformation of soft
roller.

2' =
3o

325 4

Radius (mm)
w2 w2
N N
PN
= W

’ !

32.354

32.304

32.25

0 02 04 06 08 1.0 12 1.4 1.6 1.8
Time(s)

Fig.16 Radius of driven soft roller for indirect contact
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3) Relative sliding

As shown in Table 5 and Fig. 17, with the in-
crease of the driving hard roller’ s rotation speed, the
relative sliding between two rollers increases. This re-
sult is consistent with the situation of two direct-contact
rollers.

Table 5 Relative sliding with rotation speed for indirect contact

Speed setting Speed of driving Speed of driven Relative

(rad/s) roller (rad/s)  roller (rad/s) sliding( mm/s)
I 3.24 -3.15 3.55
2 6.63 -6.37 9.49
R 9.68 -9.31 14.07
4 13.36 -12.80 20. 80
5w 16.00 -15.39 22.70
6m 20.27 -19.56 27.20
T 22.19 -21.45 28.41
8 25.91 -25.07 32.48

35+
. 30+
E 25
2204
=
o 154
2
= 104
-4

5_

0 T T T T T T T T ]

Rotation speed (7 rad/s)

Fig.17 Relative sliding with rotation speed for indirect contact

2.1.2.2 Effect of radial deformation of soft roller on
the force and motion

Displacement of the driving hard roller in Y direc-
tion is set to be —0.2mm, -0.3mm and -0.4mm to
make the hard and soft rollers in the state of pressing
contact, that also means the pressure between the two
rollers and the radial deformation of the soft roller are
changed. Rotation speed of the driving hard roller is
2 rad/s, and the hardness of the rubber layer is 50
shore A.

1) Force and deformation of the driven soft roller

Fig. 18 is the soft roller’ s force in Y direction on
the initial contact area, and with the increase of driving
roller’ s displacement, force in Y direction increases,
and deformation of the driven soft roller increases too,
as shown in Fig.19. When the displacement is
-0.2mm, -0.3mm and -0.4mm, the correspond-
ing minimum radius of soft roller is 32.297mm,

32.210mm and 32. 140mm. As shown in Fig. 20, the

maximum value of the tangential force is nearly the

same, it is consistent with the situation of direct-con-
tact shown in Fig. 11. Tt illustrates that the tangential
force of driven soft roller is affected by the driving hard
roller’ s rotation speed, but not relevant to the deform-
ation of driven soft roller.
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Time(s)

Fig.18 Force in Y direction for indirect contact
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Fig. 19 Radius of soft roller for indirect contact
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Fig.20 Force in X direction for indirect contact

2) Relative sliding

With the increase of the driving roller’ s displace-
ment , that is, radial deformation of the driven soft roll-
er, the relative sliding increases from 9.49mm/s to

11.67mm/s, as shown in Table 6 and Fig. 21.

Table 6 Relative sliding with deformation for indirect contact

Displacement ~ Rotation speed  Rotation speed  Relative
of hard of driving of driven roller  sliding
roller( mm) roller(rad/s) (rad/s) (mm/s)
0.2 6.63 -6.37 9.49
0.3 6.67 -6.40 10. 61
0.4 6.69 -6.40 11.67
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Fig.21 Relative sliding with deformation for indirect contact
2.1.2.3 Effect of rubber layer’ s hardness on the
force and motion

The hardness of the rubber layer is set to be 40,
45, 50 shore A. The hard roller’ s displacement is

—0.2mm, and its rotation speed is 24 rad/s.

1) Force and deformation of the driven soft roller

The soft roller’ s tangential force at different hard-
ness of rubber layer is shown in Fig. 22. The maximum
value of the force is the same for different rubber layer
hardness. It illustrates that the tangential force of soft
roller is not relevant to the hardness of rubber layer.
Fig. 23 is the soft roller’ s force in Y direction. For the
same displacement of hard roller, higher hardness rub-
ber layer needs greater force than the lower hardness
rubber layer to have the same deformation, thus the
corresponding force in Y direction is different. The
force at hardness of 50 shore A is bigger than the force
at hardness of 40 shore A, but the difference is small,

L
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34
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M 29
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Fig.22 Force in X direction for indirect contact
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Fig.23 Force in Y direction for indirect contact
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Fig.24 Radius of soft roller for indirect contact

so the deformation of the soft roller is nearly the same,
as shown in Fig. 24, when the hardness is 40, 45, 50,
the corresponding radius of soft roller is 32.319mm,
32.299mm and 32.297mm respectively.

2) Relative sliding

As shown in Table 7 and Fig.25, with the in-
crease of hardness of rubber layer, the relative sliding
decreases from 10. 05mm/s to 9.49mm/s. For the dif-
ferent hardness of rubber layer, the tangential force
and force in Y direction are almost the same, and the
tangential and radial elastic deformation of the soft roll-
er are also almost same. But the lower the hardness of
the rubber layer is, its tangential elastic deformation is
bigger, and the rubber layer and the soft roller are a
contact pair, the rubber layer bonds to the hard roller,
so it makes the relative sliding between the hard roller
and soft roller increases.

Table 7 Relative sliding with hardness for indirect contact

Rotation speed  Rotation speed  Relative
Hardness of . _ .
bber | of driving of driven sliding
r r r
ubber faye roller( rad/s) roller( rad/s) (mm/s)
40 6.63 -6.35 10.05
45 6.63 -6.37 9.90
50 6.63 -6.37 9.49
2 10.0 1
E 9.9 1
2 9.8
=
= 9.6
&
9.5+
9.4

40 42 4 46 48 50
Hardness(° )
Fig.25 Relative sliding with hardness for indirect contact

2.2 Comparison of direct contact and indirect
contact
2.2.1

In the model of direct contact, the hard roller’ s

Comparison of simulation results
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displacement is set to be —0.2mm, its rotation speed
is 4qv, S, 67, 7mrad/s.

From the analysis, in the model of direct contact,
the soft roller is deformed under the press of the hard
roller, and the minimum radius of the soft roller is
32.300mm. But the radius is 32.297mm on the same
conditions in the indirect model ( shown in Fig. 16). Tt
illustrates that the rubber layer produces pressure on
the soft roller and increases its radial deformation. Ta-
ble 8 is the results of two roller’ s rotation speed in the
direct contact model. Fig. 26 is the comparison of Ta-
ble 8 (direct contact) and Table 5 (indirect contact).
From Fig. 26, the relative sliding of indirect contact is
greater than that of direct contact.

Table 8 Rotation speed of two rollers for direct contact

Speed Rotation speed Rotation speed Relative

setting of driving roller of driven roller sliding

(rad/s) (rad/s) (rad/s) (mm/s)
4 12.74 -12.70 3.99
S5 15.85 -15.75 6.55
6 18.51 -18.30 10.38
T 22.55 -22.28 13.10

indirect contact
—— direct contact

25 /
20
10
5

35 4 45 5 55 6 65 7 15
Rotation speed of driving sylinder (7 rad/s)

Relative sliding (mm/s)
&

Fig.26 Relative sliding comparison from simulation

2.2.2 Comparison of experimental results

In the above experiment apparatus shown in
Fig. 8, there is a layer of ink between the two rollers,
and the two rollers are in the state of indirect contact.
The rotation speed of the two rollers are measured.

Table 9  Rotation speed of two rollers from experiment

Rotation speed  Rotation speed  Relative
Group of driving roller of driven roller  sliding
(rad/s) (rad/s) (mm/s)
Direct 1 283.00 278.33 16.06
contact 2 292.80 287.47 19.96
3 301.85 295.73 23.32
4 315.02 307.90 27.11
Indirect 1 283.72 267.57 54.78
contact 2 293.15 275.80 61.62
3 302.40 282.70 70.20
4 314.20 291.80 80. 10

As shown in Table 9, the relative sliding increases
with the increase of rotation speed of two rollers on both
the conditions of direct and indirect contact, but the
relative sliding on the condition of indirect contact is
obviously greater than that on the condition of direct
contact, as shown in Fig. 27. The experimental results
are consistent with the results of simulation.

direct contact

= 80 1 —o— indirect contact

Z 0] //

E 60 4

% 50

S 40

s 30

20}

& 10 ]
0 T T T T ¥ T L) T T 1
280 285 290 295 300 305 310 315 320

Rotation speed of driving cylinder (r/min)

Fig.27 Relative sliding comparison from experiment

2.3 Motion mechanism of two indirect contact
rollers

The rubber layer between two rollers is com-
pressed when it starts to enter into the contact area,
and the compression makes the rubber layer deform
thus there is pressure produced by the rubber layer ex-
erting on the soft roller, that will increase the radial
deformation of soft roller, therefore the relative sliding
is greater than that on the condition of direct contact.
The smaller the hardness of the rubber layer is, the
greater the tangential elastic deformation of the rubber
layer is, thus the relative sliding between the two roll-
ers is greater.

When there is a soft inter-medium layer between
the hard roller and soft roller, the motion mechanism
can also be used to interpret the motion characteristics
of two soft rollers: when two soft rollers contact each
other in the state of pressing, the relative sliding is big-
ger than the relative sliding when two hard rollers con-
tact or a hard roller and a soft roller contact. And for
any conditions, the relative sliding always increases
with the decrease of the hardness of the soft roller or
the inter-medium layer.

3 Motion characteristics for multiple con-
tact areas

Motion mechanism of two rollers both on the con-
dition of direct and indirect contact is analyzed above.
In the actual condition, maybe a roller contacts with
more than one roller, for example, in Fig. 1, rollers 6
contacts with rollers 3, 9 and 7, so it is necessary to
analyze the motion characteristics when there are more
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than one contact area.

3.1 FEM model

As shown in Fig. 28, a model of 5 rollers is estab-
lished to analyze the force and motion of roller 2. Roll-
er 1 is hard, Roller 2 is soft, and there is a layer of
rubber between them, and the model is the same with
the above analysis. Roller 3 and 4 are hard, their di-
ameter is 45mm. Roller 5 is soft, its diameter is the
same with Roller 2.

Roller 1
Roller 2

Roller 3

Roller 4

\, Roller 5

Fig.28 Finite element model for five rollers

3.2 Simulation analysis
3.2.1
Displacement of Roller 1

Force analysis

in Y direction is
—0.2mm, its rotation speed is 247 rad/s, the hardness
of rubber layer is 50 shore A. All the rollers are in the
state of pressing contact.

As shown in Fig.29, the maximum value of tan-
gential force on the initial contact area of Roller 2 is
about 7N, and it is about 4N in the model of two roller
on the same condition (shown in Fig. 14). In the mod-
el of five rollers, hard Roller 1 is the driving roller, it
drives all the driven rollers by the power transmitted
through frictions between rollers, that is, Roller 1
drives Roller 2, Roller 2 drives Roller 3 and 4. So
when the rotation speed is 27 rad/s, it needs greater
tangential force to drive more rollers, that is why the
tangential force in the model of five rollers is greater

8.
6.

4 4

FX(N)

2 |

0

2 ] . . . .
0.995 1.000 1.005 1.010 1.015 1.020
Time(s)

Fig.29 Force in X direction for the model of five rollers

than that in the model of two rollers. So it can be de-
duced that with the increase of the number of contact
area, greater tangential force is transmitted to drive
more rollers, and that will also affect the motion of the
rollers.

As shown in Fig. 30, the force in Y direction is
consistent with that in the model of two rollers.

-35 T T T T T r )
0.995 1.000 1.005 1.010 1.015 1.020 1.025 1.030
Time(s)

Fig.30 Force in Y direction for the model of five rollers

3.2.2 Motion analysis

Displacement of driving hard Roller 1 in Y direc-
tion is —0.2mm, all the five rollers are in the state of
pressing contact. The rotation speed of hard Roller 1 is
2, 31, 47 rad/s, and the hardness of rubber layer is
50 shore A,

1) Deformation of soft Roller 2

As shown in Fig.31, the minimum radius of soft
Roller 2 is 32.294mm. And for the model of two roll-
ers, the minimum radius of soft Roller 2 on the same
condition is 32.297mm (shown in Fig. 16). So in the
model of 5 rollers, that is, there is more than one con-
tact area, the deformation of soft Roller 2 increases be-
cause of pressing contact with the other two rollers.

32.55 4
32.50 4
32.45 1
32.40 1
32.35
32.30 1
32.25 1
32.20 1
32.15

Radius (mm)

0 02 04 06 08 1 12 14 16
Time(s)

Fig.31 Radius of Roller 2 for the model of five rollers

2) Relative sliding

From Table 10, the relative sliding between hard
Roller 1 and soft Roller 2 increase with the rotation
speed of hard Roller 1. From Fig. 32, relative sliding
in the model of five rollers is obviously lower than that
in the model of two rollers. In the model of five rollers,
there is also pressing contact between soft Roller 2 and
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hard Roller 3 and 4, and the contact area of soft Roller
2 increases. This will restrain the relative sliding be-
tween rollers. So the relative sliding in the model of
five rollers is smaller than that in the model of two roll-
ers. And in the model of five rollers, the effect of tan-
gential force on the relative sliding is much smaller
than that of the contact area.

Table 10  Rotation speed of two rollers for the model of five rollers

Rotation Rotation Difference .
Speed . Relative
. speed of speed of of rotation o

setting . . sliding
(rad/s) driving roller driven roller speed (mm/s)

’ (rad/s) (rad/s) (rad/s) )

27 6.45 -6.26 0.19 7.52
3w 9.68 -9.37 0.30 11.82
4ar 12.93 -12.49 0.44 16.79

22 4 —— model of five cylinders

model of two cylinders

Relative sliding (mm/s)
=

1.5 2.0 2.5 3.0 35 4.0
Rotation speed of driving cylinder ( mrad/s)

Fig.32 Relative sliding for the model of five rollers
4 Conclusions

Using the method of FEM and experiment, the
motion mechanism of two rollers with big difference of
elasticity is analyzed. The following conclusion is got
from the analysis.

(1) The motion of two direct-contact rollers is
mainly affected by the tangential force on the contact
area and the radial deformation of soft roller.

(2) When the hard roller and soft roller are in the
state of indirect contact, the relative sliding is greater
than that on the condition of direct contact. And the
smaller the hardness of the inter-medium layer is, the
greater the relative sliding between the two rollers is.

(3) When there are more than one roller contac-
ting with the soft roller, with the increase of the con-
tacting rollers, the relative sliding decreases.

In some cases, maybe the rollers not only rotate
but also move in the axial direction, so the future re-
search is about the effect of movement in the axial di-
rection on the force and motion of the rollers.
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