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Automatic alignment of elastic slender belt caused
by crown roller in two-roller belt system

Abstract

To clarify the relationship between the geometry of the crown roller and the automatic
alignment of the belt in a two-roller belt system that includes a crown roller, we develop
an analytical method that calculates the lateral belt position. The calculated results based
on this method are in good agreement with the experimental results, thereby validating the
analysis method developed. The automatic alignment of the belt is caused by the difference
in the peripheral speed of the crown roller in the axial direction. The automatic alignment
effect improves as the radius of curvature and the diameter of the crown roller decrease.
Furthermore, we show that the effect of belt tension on the automatic alignment of the belt
has a slight effect on the time until the belt moves to the roller center position but does not

have a significant effect on the automatic alignment of the belt.
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Introduction

Belt systems including a flat elastic belt and rollers are used for
power transmission and transportation. In such belt systems, crown
rollers are frequently used to prevent the belt from running off and
move the belt toward the center of the roller (hereinafter referred to as
automatic alignment). Although crown rollers have been introduced in
books and articles on mechanics, the relationship between automatic
alignment and roller parameters, such as radius of curvature and
diameter of crown rollers, and their effect on automatic alignment are
not well understood. To ensure the reliability of a belt system, the
relationship between roller parameters and automatic belt alignment
need to be clarified.

Many studies have examined the lateral motion of belts or webs
such as films and thin sheets.'* However, most of these studies have
focused on the lateral motion caused by the misalignment angle,
and few studies have been conducted on the relationship between
automatic alignment and roller parameters. Leikakh formulated an
approximate model of lateral stability considering geometrical and
mechanical parameters of a belt system including crown rollers.’
In this study, a formula was developed expressing the equilibrium
position of the belt, which represented the influence of parameters
such as the misalignment angle, radius of curvature of the pulley, and
lateral stiffness of the belt in flexure. Egger and Hoffmann developed
a simulation method for calculating the lateral motion behavior of
a two-roller belt system including non-skewed conical and skewed
cylindrical tail rollers.® The method was based on the beam theory
and considered the effect of friction between the conveyor and rollers
in the belt system. The results showed that the lateral belt ran out
in the direction of the roller with the largest diameter. Cheng et al.,’
studied the relationship between the shape of the crown rollers and
belt shift motion of a belt system using the finite element method
(FEM) and experiments.” They showed that when the belt wrapped
around the crown rollers, the centerline of the belt between the rollers
assumed the shape of an infinity symbol, which caused it to align
automatically. Kobayashi and Toya examined the factors affecting
the lateral belt motion in a two-roller belt system including crown
rollers by conducting experiments and FEM analysis.® This study

showed that the height of the crown rollers significantly affected the
belt motion, in-plane misalignment angle, and distance between the
rollers. Dilip and Brice® developed two analytical models for the belt
motion between cylindrical rollers with a misalignment angle and a
model for the lateral belt motion over conical rollers.” The tracking
direction and the belt rate could be predicted using these analytical
models. However, empirical constants based on experiments were
required to predict the equilibrium position of the belt.

Despite these efforts, a method that explicitly expresses the
relationship between automatic alignment of a belt and roller
parameters has not yet been developed. To achieve highly reliable in
belt systems, an analytical method that can explain the relationship
between the parameters related to the roller geometry and automatic
alignment of the belt must be developed. To develop the method,
in our previous study, the relationship between the geometry of the
crown roller and lateral belt motion of an open-end belt system was
investigated. In addition, we examined the relationship between the
lateral motion of the belt and the crown roller parameters.' This study
developed a formula to evaluate the automatic alignment of a belt in a
two-roller belt system using geometric parameters of the crown roller,
based on the results of our previous study.

Material and methods

Mechanism of automatic alignment

This study aimed to clarify the relationship between the parameters
of the crown roller and automatic alignment of the belt of a two-roller
belt system including crown and cylindrical rollers. This belt system
is shown in Figure 1. The crown roller was driven by a motor, and
the cylindrical roller was rotated by the belt movement. On the tight
side of the belt, the crown and cylindrical rollers were downstream
and upstream rollers, respectively. Conversely, on the slack side of
the belt, the crown and cylindrical rollers were the upstream and
downstream rollers, respectively.

Figure 2 shows the set O, —x,y; and Og — xy¢ coordinate. The
Or —x;yr and Og — x¢ y¢ planes are the base planes in which the belt
moves on the tight and slack sides, respectively.
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As shown in Figure 3, when the belt is conveyed and wraps around
the crown roller, it tilts as it approaches the crown roller, owing to
the difference in the peripheral speed of the crown roller in the y,
-direction. Therefore, on the tight side, the belt moves in the y,
-direction toward the center of the crown, as shown in Figure 4.
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Figure | Two-roller belt system including crown and cylindrical rollers.
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Figure 2 Co-ordinate systems in this study.
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Figure 3 Belt tilt caused by difference in peripheral speed of crown roller.
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Figure 4 Belt movement toward roller center on crown roller.
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However, on the slack side, the belt does not move in the width
direction because the downstream roller is cylindrical. However, after
the rollers rotate by half a revolution, the belt position in the width
direction of the upstream roller, i.e., the crown roller, changes. As
shown in our previous study,'® if the position in the width direction
differs between the upstream and downstream rollers, the belt
travels in the direction perpendicular to the downstream roller axis.
Consequently, the belt position on the downstream roller, i.e., the
cylindrical roller, moves in the width direction to become the same
as that on the upstream roller, as shown in Figure 5. This movement

Crown roller Stack side

Belt centering

of the belt toward the center of the rollers is the automatic alignment.
Figure 5 Belt movement toward roller center on cylindrical roller.
Tilt angle of belt due to crown roller configuration

As mentioned above, the belt tilts as it approaches the crown roller,
owing to the difference in the peripheral speed of the crown rollers.
As shown in our previous study, the tilt angle of a belt approaching a
roller with different diameters in the axial direction can be expressed

as follows:
} , (D

1
a:_{
B

where B is the belt width, y, is the centerline position of the belt,
and f(y;) is a function that expresses the rate of decrease in the
peripheral speed at position y, to the that of center position of the

roller, which is determined by the roller shape, as shown in Figure 6.
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Figure 6 Function f(yr) expressing a rate of decrease in peripheral speed
at position Y7 to that of the center position of the roller.

When the crown roller has the shape as shown in Figure 7, function
f(y;) is expressed as follows:

2
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S = 2R

2
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where R and 7, are the radius of curvature and radius of the center
of the crown roller, respectively.
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Figure 7 Geometric parameters of crown roller.

Substituting Eq. (2) into Eq. (1), the tilt angle can be expressed as
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Calculation of lateral belt motion

The lateral belt position on the downstream roller was calculated
using the angle between the rotation direction of the roller and the
belt centerline (hereinafter referred to as the approach angle) and
the transportation distance of the belt. The lateral belt position on
the downstream roller on the tight and slack sides at calculation step
1 can be calculated using Egs. (5) and (6), respectively, referring to
Figure 8.

Vi = Yoty Ay, (%)
Vs = Vs TP Axg, (6)

where y,; and y; are the lateral belt positions of the belt centerline
at the crown roller on the tight side and the cylindrical roller on the
slack side, respectively, in the lateral direction at calculation step
i. ¢and @ are the approach angles on the tight and slack sides,
respectively, and Ax; and Axg are the belt transportation distances at
each calculation step.

Center line of belt
(step i)

Center line of belt
(step i)

Center line of beft
v Center line of belt (step i-1) i
(step i-1) Yy

Figure 8 Calculation of belt position in y,. and y directions on crown and
cylindrical rollers.

On the tight side, the approach angle is influenced not only by
the crown roller, but also by the shear deformation of the belt. Figure
9 shows the belt approaching the crown roller. From Figure 9, the
shear force, O, acting on the cross-sectional area of the belt can be
expressed as follows:
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0 =GAy = AEgsin(@+vy) , 7

where G is the transverse elasticity modulus of the belt and 4
is the cross-sectional area of the belt. £ is Young’s modulus of the
belt, ¢ is the strain due to the belt tension, and y is the angle due to
the relative belt position between the crown and cylindrical rollers
expressed as follows:

R S

I
b Ty L
Figure 9 Shear force acting on cross-sectional area of belt near crown roller.
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L
where yp is the belt position on the cylindrical roller, y,,
represents the belt position on the crown roller, and L represents
the distance between the upstream and downstream roller axes. The

relationship between Young’s modulus and transverse elasticity is
expressed as follows:

E
G =" s (9)
2(1+v)
where, v is Poisson’s ration of the belt. Therefore, the shear angle
of the belt at calculation step i can be obtained as follows:

7 =25(1+v)sin(0i +x//l.). (10)

Therefore, the approach angle of the belt on the tight side is
expressed as follows:

(1)

On the slack side, the approach angle of the belt is the angle due
to the relative belt positions on the upstream and downstream rollers,
because the downstream roller is cylindrical, as shown in our previous
study. Therefore, the approach angle of the belt at calculation step 7
is calculated as follows:

b =6+,

Ysui ~ Vsdi
A

; (12)

where yg,. and yg, are the belt positions on the crown and
cylindrical rollers, respectively, on the slack side at calculation step
1. When the calculation step is a rotation of the roller by 1°, the
belt positions on the upstream roller on the tight and slack sides in
calculation step i are expressed by Egs. (13) and (14), respectively,
assuming that the belt position on the roller does not change.

(13)
(14

Yrui = Vsdi-180 -
Ysui = Vrdi-180 -
Experimental apparatus

Figure 10 shows the experimental apparatus used in this study,
which comprises a two-roller belt system. As previously mentioned,
the crown and cylindrical rollers were the driving and driven rollers,
respectively. The crown roller was driven by a stepping motor. The
distance between the axes of the crown and cylindrical rollers was
250 mm. In this study, the crown roller had a maximum diameter of 50
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mm, length of 40 mm, and radii of curvature of 50, 70, and 100 mm.
The cylindrical roller had a diameter of 50 mm and length of 40 mm.

y
Digital camera

Stepping motor
7

Elastic belt

Figure 10 Experimental apparatus used in this study.

The belt used in this experiment was a rubber flat endless belt
with a thickness of 0.8 mm, width of 10 mm, and Young’s modulus of
12.5 MPa. The belt tension was set to approximately 4.5 N, and the
corresponding strain was 0.043. Furthermore, a digital camera was
mounted on a frame above the belt system to capture image data and
obtain the belt position.

Measurement method

Positions A and B in Figure 10 indicate the measurement positions
of the lateral belt motion on the downstream and upstream rollers used
in this study. The belt began to contact the crown roller at position A
and departed from the cylindrical roller at position B. In this study,
the belt position was defined as the position of the belt centerline. The
initial belt position on the crown and cylindrical rollers were set to 15
mm each.

The belt positions were obtained by processing the image data
captured by the digital camera. Figure 11 shows the belt position
measurement process. First, the image data are processed in MATLAB,
trimmed, and binarized. Next, the number of pixels on the front and
back sides of the belt at positions A and B are counted with respect to
the belt position at position A when the belt is first set. The position
of each point in the y-direction is then calculated by considering the
resolution per pixel. The belt positions at the drive and driven rollers
are calculated using Eqgs. (15) and (16), respectively.

_ Yrap = Vravi

Yrai = ) (15)

_ yTuﬁ = Viubi
T
The belt position is also measured using calipers when first setting
the belt and after the belt is transported a predetermined distance in
each experiment. The difference in the belt positions measured using
these two methods is within 0.5 mm. The belt position is measured
every two-fifths of roller rotation. The transport velocity of the belt
is 78.5 mm/s.

(16)
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(1) Import images into MATLAB (2) Trimming, binarization and count

Figure 11 Measurement of belt position by processing image data captured
by digital camera.
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Results

Figures 12—-14 show the experimental and calculated results for
the belt position with radii of curvature of the crown roller (with a
diameter of 50 mm) of 100, 70, and 50 mm and an initial belt set
position of 15 mm. The experimental results are the average of the
results of three experiments. The results from on the calculation
method developed in this study for the belt position are in good
agreement with the experimental results.
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% E 16 Initial position
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2c 12 Position B R =100 mm
E 2 0B i t
= 10 Calculation b Xperinen
st g |
o5
£X e f
5 2 4 T Position A
5E 2 Calculation
== 0 p---- ~
8 3 -2 L L J
@ 0 1000 2000 3000

Transport distance of the belt (mm)

Figure 12 Comparison between experimental and calculation results of belt
position in axial direction (Roller diameter: 50 mm, Radius of curvature: 100
mm).
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Figure 13 Comparison between experimental and calculation results of belt
position in axial direction (Roller diameter: 50 mm, Radius of curvature: 70
mm).
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2000
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Figure 14 Comparison between experimental and calculation results of belt
position in axial direction (Roller diameter: 50 mm, Radius of curvature: 50
mm).

The belt position on the crown roller (Point A) changes
immediately after the roller rotates, whereas the belt position on the
cylindrical roller (Point B) barely changes until the feed distance of
the belt is approximately 250 mm. This validates that the mechanism
of automatic alignment of the crown roller described previously.

Figure 15 shows the experimental and calculated results for the
belt position on the crown roller with crown roller radius of curvature
of 70 mm, a diameter of 30 and 50 mm, and an initial belt set position
of 15 mm. The calculated results for the belt position for a diameter
of 30 mm are also in relatively good agreement with the experimental
results. Compared to the results for a diameter of 50 mm, the rate of
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change in the belt position for a diameter of 30 mm is greater than
that for a diameter of 50 mm. Therefore, the analysis method for the
lateral belt motion developed in this study is valid and the automatic
alignment effect is expected to improve as the diameter of the crown
roller decreases.
18
16 f
14
12

10 F
g |A

Initial position

Calculation R =70 mm
Experiment
A D=50mm

A D=30mm

D =50 mm

D =30 mm

L L L J
0 500 1000 1500 2000
Transport distance of the belt (mm)

Position of the centerline of the
belt in the yy-direction (mm)
NON B O

>

Figure 15 Experimental and calculated results of belt position on the crown
roller for a diameter of 30 and 50 mm of crown roller.

The above results indicate that the analytical method developed
in this study can predict the belt position and shift with considerable
accuracy. From these results, it can be concluded that a major factor in
automatic belt alignment is the inclination caused by the difference in
the peripheral speed in the belt-width direction that occurs during belt
wrapping around the crown roller. Specifically, the angle of inclination
calculated from the difference in the peripheral speed in the belt width
direction of the crown roller is the belt entry angle. The belt moves
in the axial direction of the roller as it wraps around the roller at this
angle of entry, which causes the automatic alignment of the belt.

Discussion

The results from the analytical method described above predict that
belt tension affects the lateral belt motion. Although a previous study
conducted by Yanabe showed that the effect of belt tension on belt
alignment is extremely small, we considered it using the analytical
method developed in this study.

Figure 16 shows the results of the belt position on the crown roller
for belt strains of 0.02, 0.05, and 0.08. This figure shows that a smaller
elongation strain of the belt, i.e., a smaller belt tension implies, a
larger effect on the automatic belt alignment. The effect of the belt
tension is large in the area where the difference in the belt position in
the axial direction between the crown and cylindrical rollers is large.
However, as the difference in the belt position in the axial direction
decreases, the difference in the rate of change of the belt position
decreases, and the automatic aligning effect does not significantly
differ depending on the magnitude of the tension. Therefore, the belt
tension has a slight effect on the time for the belt to move to the roller
center position but does not have a significant effect on the automatic
belt alignment.

16 Initial position

12 B D =50 mm
10 R =100 mm

£=0.05
€=0.08

£=0.02

1 1 J

0 1000 2000 3000

Position of the centerline of the
belt in the y-direction (mm)

Transport distance of the belt (mm)

Figure 16 Calculated results of belt position on crown roller for different
belt tensions.
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Conclusion

To ensure the reliability of the conveyance and power transmission
mechanisms of belts, an analytical method that can clarify the
relationship between the crown roller parameters and the automatic
alignment of the belt wrapped around the roller was investigated. The
relationship between the crown roller geometry and belt alignment
was examined. The results are summarized as folles.

1) A calculation method was devised to predict the lateral belt
motion on the crown roller. We assumed that the belt tilted owing
to the difference in the peripheral speed of the crown roller in
the axial direction and that the tilt angle at that time was the
belt entry angle into the roller section. The lateral belt position
calculated using this method agreed well with the experimental
results.

2) The good agreement between the calculation method and
experimental results indicated that the lateral belt motion, which
affected automatic belt alignment, was inversely proportional to
the radius of curvature and the diameter of the crown roller.

3) Specifically, smaller radius of curvature and a smaller diameter
of the crown roller were founded to be necessary to increase the
effect on the automatic belt alignment.

4) The belt tension showed a slight effect on the time for the the
belt to move to the roller center position but did not have a
significant effect on the automatic belt alignment.

Future issues include the evaluation of the automatic belt alignment
of conical rollers, which has the same effect as crown rollers, and the
examination of the automatic belt alignment of crown and conical
rollers in a two-roller belt system with in-plane and out-of-plane
misalignment angles.
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