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Abstract: Wire rope and pulley devices are used in various machines. To use these machines more
safely, it is necessary to analyze the behavior of the contact between them. In this study, we represent
a wire rope by a numerical model of a flexible body. This flexible body is expressed in the absolute
nodal coordinate formulation (ANCF), and the model includes the normal contact force and the
frictional force between the wire rope and the pulley. The normal contact force is expressed by
spring-damper elements, and the frictional force is expressed by the Quinn method. The advantage
of the Quinn method is that it reduces the numerical problems associated with the discontinuities in
Coulomb friction at zero velocity. By using the numerical model, simulations are performed, and
the validity of this model is shown by comparing its results with those of an experiment. Through
numerical simulations, we confirm the proposed model for the contact between the wire rope and
the pulley. We confirmed that the behavior of the wire rope changes when both the bending elastic
modulus of the wire rope and the mass added to each end of the wire rope are changed.
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1. Introduction

Wire rope and pulley devices are used in various machines, such as cranes and elevators [1].
As machine elements, they have various advantages, such as being lightweight, having a small
footprint, and being useful in a wide variety of machines. In addition, ropes and cables can be used in
extreme environments, such as in space and deep in the ocean. Cables are also used to attach satellites
to a mothership [2,3] or to operate vehicles remotely. In each of these machines, pulleys are used
to change the direction of the force and to transfer power. To ensure that these machines are used
safely, it is important to consider the contact between the rope and the pulley. For example, if the
friction between them is used to transfer power in an elevator system, slip is produced when there is
a difference between the tension on the right side and that on the left side. When using a pulley in
microgravity, deformation occurs where the rope is wound, and this can lead to fractures. To solve
these problems, it is necessary to perform an advanced analysis of the contact between the rope and
the pulley. However, most of the relevant research has been directed at the vibration of the rope [1,4,5]
or the motion of the rope. Few studies have considered the contact between the rope and pulley [6],
and those that have have been based on physical experiments [7], not on numerical simulations.
Consequently, it is important to develop a numerical model in which the parameters can be changed
and the deformations of the contacting parts can be evaluated.

The purpose of this study is to construct a numerical model that can use flexible multibody
dynamics to investigate the motion of the contact part of the pulley and express in detail the normal
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contact and frictional forces between a rope and pulley. First, the validity of the model is shown by
comparing the results with those of an experiment. We then use the numerical model to perform
simulations under various conditions. We also examine the force acting between the wire rope and
the pulley and the resulting motion. Additional simulations are performed in which various masses
are added to each end of the rope, and the influence of the ratio of tension, which is the ratio of the
weights applied to each end of the rope, and the bending elastic modulus of the wire rope are varied;
we discuss the influence of each of these factors on the motion of the rope.

2. Modeling of Rope and Pulley

In this section, we discuss the formulation of the numerical model. The wire rope is modeled by
the absolute nodal coordinate formulation (ANCEF) [8,9], the contact force is modeled by spring-damper
elements, and the frictional force is defined by the Quinn method.

2.1. Formulation of Wire Rope

Using the ANCEF to formulate the wire rope makes it easier to describe its motion as a flexible
body with large deformation, large rotation, and large translational displacement. Figure 1 shows
an element of a flexible body in the absolute coordinate system O-XY. Here, AB is the initial form, and
A’B’ is the deformed form. The global position vector r of an arbitrary point on the element can be
described by using the global shape function, as follows:

r = Se D
The vector of the nodal coordinates is as follows:
T
e:[61 e e3 e4 e5 eg ey 63] (2)

where e and e, are the positions at node A, e5 and ¢4 are the positions at node B, e3 and ey are the
spatial derivatives of the displacements of the node at A’, and e; and eg are the spatial derivatives of
the displacements of the node at B'. In Equation (1), the following shape function is used:

1- 3824283 0 17
0 1-—38%2 4283
L (82824 &%) 0
S 0 L (22824 &%)
s=|2'|= €)
S, 382 283 0
0 382 283
L (-g2+8) 0
0 L (-g2+8)

where & = x/l,, x is the coordinate along the body axis in the initial configuration, and /, is the length
of the element. The kinetic energy in the flexible body element becomes

1 7. 1.1 .
T = Efo pArTrdx = EeTMae (4)

Thus, an element mass matrix, expressed in terms of the global frame, becomes

le
M, = pA| STSdx 5)
0
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Figure 1. Element of a flexible body.

Next, the strain energy is derived. A liner elastic model can be assumed by increasing the number
of elements [10-12]. The longitudinal elastic potential energy of one element U can be written as:

1 le )
Ul = EJ EIAE dx (6)
0

where E is the longitudinal elastic modulus, and ¢ is the axial strain of the element. The bending

elastic potential energy of one element U; can be written as:

1 le
U, = - f EpIk%dx (7)
2J)o

where Ej, is the bending elastic modulus, I is the second moment of the area of the element, and « is
the curvature.
The equations of motion can be written as:

Me = Qf — Qy 8
where M is the mass matrix, Q ris the external force, and Qy is the elastic force. Qy is defined as follows:
ou\"  foup\T
Qu = (l> +( f) )
oe oe

In this model, in order to express the characteristics of longitudinal strength and ease of bending,
the modulus of longitudinal elasticity is different from the modulus of bending elasticity.

2.2. Formulation of Normal Contact Force, Frictional Force, and Constraint Force

The normal contact force is expressed by the spring-damper elements, and the frictional force is
expressed by the Quinn method [13]. The advantage of the Quinn method is that there is a discontinuity,
and so the Coulomb friction is consistent [14,15]. First, we formulate the normal contact force. Figure 2
shows the i-th element on which the normal contact and frictional forces act. The normal contact force
acts when the node of an element has a boundary condition, and this depends on the radius of the
pulley [16]. The i-th nodal coordinates are egl), eg). The radius of the pulley is R, and the coordinates of
the center of the pulley are Ry, R,. The boundary condition is

§ 2 N2
(Ry — i)+ (R, — i) > R2 (10)
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Figure 2. Forces acting on a rope.

The normal contact force is defined as normal to the pulley. The penalty parameter of the pulley
is k¢, the damping constant of the pulley is c., the velocities of the i-th element are égl),égl), and d is the
distance between the center of pulley and the i-th element. Hence, the normal contact force is

N 2 N2 . .
N =k (R - \/ (Re— )" + (R, — el ) — (61 cos0 + & sind) (11)
(i (i
_eq Ry e —Ry
cosf = 7 , sinf = 7 (12)

Next, the frictional force is shown. The frictional force of the Quinn method is defined by the
velocity and force acting on the nodal coordinate. The advantage of this method is that it reduces the
numerical problems associated with the discontinuities in Coulomb friction at zero velocity, and, as
a result, we can perform a numerical simulation at v = 0, which is when slip-stick behavior plays
a central role. The frictional force in Equation (13) is based on the total force /1, which is a combination
of the elastic force and the gravity acting on the i-th element, the velocity in the tangential direction
v, the circumferential velocity of the pulley v}, the normal contact force N, a fixed regularization
parameter ¢ [13], and the friction coefficient p:

_ —uNT/e if [7l<e
F@h) = { —sgn(7)uN otherwise (13)
5 (0, h) = v —vp + eh/uN if |hl<pN (14)
’ v — vy +sgn(h)e otherwise

Finally, the two constraint forces are defined: In the longitudinal direction, there is a damping
force on the edges of the rope; in the lateral direction, there is s constraint force on the edges of the rope.
The normal contact force N, the frictional force F, and the constraint force depend on time. The contact
between the rope and pulley is expressed by adding Qy as the external force in Equation (8).

3. Validation of Numerical Model

In this section, we present the results of an experiment that we conducted to validate the results
of the proposed model. The coefficient of longitudinal elasticity is specified, but the bending elastic
modulus is not referred to in general. The coefficient of bending elasticity was determined by
comparing the experimental and simulation results for the shape of a wire rope. In this process,
the bending elastic modulus was treated as an unknown parameter. A fundamental experiment was
performed to measure the shape of a wire rope used with a pulley. In this experiment, the wire rope
had a length of 1.00 m and a diameter of 0.01 m. Weights of 0.05 kg, 0.2 kg and 1.0 kg were then
added to each end of the wire rope, and a digital camera was used to determine their influence on the
shape of the rope. Markers were placed on the wire rope at intervals of 0.05 m, and the displacement
of the markers was calculated by using the graphics software package Image] [17,18] to analyze the
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photographs; this displacement was then used to determine the shape of the rope. Various masses
were used. The wire rope was not straight, even when there is no load on it; the direction of this
curvature was considered. Figure 3 shows an experiment in which 0.20 kg weights were attached
to each end of the wire rope, and the results of this experiment are shown in Figure 4. In Figure 4,
the blue line shows the result when the curvature induced by the weights was in the same direction
as its natural curvature, and the black line shows the result when these were in opposite directions.
From the results shown in Figure 4, we see that, when the added load is sufficiently small, the natural
curvature of the rope distorts the shape so that it does not match the numerical results. On the other
hand, when the added load is large, the natural curvature has little influence, and the blue and black
lines are similar.

2l | (a) 0.05[kg] | oo} | () 0.20[kg] uz | (c) 1.00[kg]
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Figure 4. Experimental results when weights were added to each end.

We compared the simulation and experimental results in order to identify the bending elastic
modulus. We used the experimental result in which the 1.00 kg weights were added, because
Figure 4 shows that, in this case, the influence of the natural curvature was small. The values of
the other parameters are shown in Table 1. We compared the results of the numerical simulations
and the experiments for different values of the bending elastic modulus; this is shown in Figure 5.
From Figure 5, we can see that there appears to be a valid bending elastic modulus between 1.00 x 10%
and 1.00 x 10 N/m?. The bending elastic modulus of this wire rope was estimated to be about
6.00 x 108 N/m?2, because the error was smallest at this value.

Table 1. Parameter values used in this simulation.

Symbol Unit Value
l Length of wire rope m 1.00
R Radius of pulley m 0.10
My, My Magnitude of added masses kg 1.00
E. Longitudinal elastic modulus N/m?2 291 x 1010

n Number of elements - 20
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Figure 5. Results of numerical simulation and experiment when varying the bending elastic modulus.

Next, we considered the reciprocal motion of the pulley and the total slip distance. Note that
instead of considering the individual slip distances, which are extremely small, we considered only the
total. The outline of the experimental setup is shown in Figure 6. Here, the rope is not held but placed
on a pulley. In this experiment, the slip distance corresponding to pulley rotation can be measured
when the pulley is rotated, as shown in Figure 6. First, the pulley was rotated as shown in Figure 6a,
Step 1.

(a) Step 1 (b) Step 2 (c) Step 3

Figure 6. Experimental setup.

Next, the location of the center of mass was measured using the sensor, and the pulley was moved
to the position shown in Figure 6b, Step 2. Finally, the pulley was rotated in the opposite direction,
and the rope was returned to the initial position, as shown in Figure 6¢, Step 3. The slip distance
was calculated by measuring the total slip after ten round trips and dividing by ten, since the slip
distance of a single round trip was so small that it was difficult to measure it. In addition, an index
value is required, because the sum of the round-trip distance changes when the radius of the pulley
changes, and thus the reduction in the slip cannot be understood quantitatively. We define this index
as a dimensionless slip number:

Distance of slip [m]

Stip Number = Distance of round-trip [m]

(15)
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We changed the ratio of tension (the ratio of weight), and we calculated the slip distance when the
pulley had the reciprocal motion. The values of the parameters used in the numerical simulation were
the same as those listed in Table 2. The circumferential velocity of the pulley is 0.10 m/s. The weight on
the right was 294.70 kg, and the weight on the left varied. The slip numbers for the experimental results
and the numerical simulations are shown in Figure 7. From Figure 7, we can see that the experimental
results are in agreement with the numerical results when the ratio of tension was between 1.00 and
1.35. In both the experiment and the numerical simulation, the slip number increased exponentially
when the ratio of tension was 1.25 or larger. When the ratio of tension was 1.35 or larger, the results of
the experiment differed from those of the numerical simulation. This difference is thought to be due to
the parameters of the contact force between the rope and the pulley. In addition, as indicated earlier in
this paper, the value was measured after ten round trips, and this may have caused this difference,
since it occurred when the slip number was larger. However, when the ratio of tension was 1.35 or
larger, the fact that the slip number increases exponentially must be considered when designing a rope
and pulley device. The above results validate our model.

Table 2. Parameters for numerical simulation.

Symbol Unit Value
1 Length of Lope m 2.40
my, my Mass kg 294.70
E. Coefficient of longitudinal elasticity N/m?2 291 x 1010
Ey Coefficient of bending elasticity N/m? 6.00 x 108
P Density of rope kg/m?3 1091
R Diameter of pulley m 0.10
kp Penalty parameter of pulley N/m 2.00 x 10°
kp2 Penalty parameter of pulley at edge N/m 2.00 x 10°
cp Damping constant of pulley N/(m/s) 5.00 x 103
n Frictional coefficient - 0.10
€ Fixed regularization parameter m/s 0.05
0.10
0.09 |
0.08
- 0.07
2 L] .
'g 0.06 - ¢ Experimental results
= 005 *
‘Zn 0.04 s ® Numerical results
% 0.03 »
0.02 -
0.01 ¢
000 m—ms m® B ‘ ?_‘.

Ratio of tension

Figure 7. Ratio of tension vs. slip number.

4. Numerical Results and Discussion

In this section, we use the results of the numerical simulations, based on the formulation of
Section 2, to analyze the behavior of the contact between the rope and the pulley. First, we investigate
the contact and friction forces between the rope and the pulley when the pulley is rotating. Then, we
discuss the behavior of the rope when varying the ratio of tension (the ratio of the weights) applied to
each end of the rope and varying its bending elastic modulus.
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4.1. Force Acting on Rope

We consider the force that rotates the pulley and acts on the wire rope. Here, we will assume
that a wire rope is wrapped around the stationary puller, and it then begins to rotate in the clockwise
direction. The circumferential velocity of the pulley is 0.10 m/s. A normal contact force and a frictional
force act on the 15th to 21st elements, as shown in Figure 8; Figure 9 shows the normal contact and
frictional forces acting on each of the nodes. The colors of the nodal coordinates in Figure 8 correspond
to the colors of the lines in Figure 9. In the initial condition, there is no contact between the wire rope
and the pulley; contact occurs when the pulley begins to rotate. In Figure 9, the horizontal axis shows
the clockwise rotational displacement of the pulley: The far left end represents 0°. The magnitude of
the normal contact force, shown in Figure 9a, differs when the rotational angle of the pulley changes;
although this force is symmetric when the pulley is at rest, it is changed by the rotation of the pulley.
In this figure, we see that the contact force occurs for angles less than 0° and over 180° due to the
transverse wave caused by the inertial force of the rope itself. We also note that the sign of the frictional
force changes, as shown in Figure 9b. From these results, we see that the frictional force does not act
uniformly on a rotating pulley. It was found that the rope was moved by the sum of these frictional
forces. In this figure, the frictional force in the positive direction is the force that moves the rope in the
rotational direction, and the frictional force in the negative direction is the force that moves the rope in
the inverse rotational direction. Thus, it was shown that, when the difference between the right and
left inertial forces was greater than the masses of the frictional forces in the direction opposite to that
of the inertial force, the rope slides and the pulley is not able to move the rope.

o 90°
0" -180°
-02
No.21 ) \
o Pulley
No.15 =71

Figure 8. Shape of a wire rope at start time.
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Figure 9. Normal contact and frictional force at each node of the element. (a) Normal contact force;
(b) frictional force.
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4.2. Influence of Ratio of Tension

In this section, we investigate the influence of the ratio of tension, which is the ratio of the weights
applied to each end of the rope. The weight added on the right end of the rope was 294.70 kg, and we
performed numerical simulations in which different weights were added on the left side. Figure 10
shows the normal contact force and the friction acting on each nodal coordinate when the ratio of
tension varied from 1.00 to 1.35. First, we consider the normal contact force. When the mass on the left
side is greater, the force that acts on the left side of the pulley is larger. The load on the pulley does not
increase uniformly when the ratio of tension is large. Next, we consider the frictional force. Figure 10
shows the magnitude and area of the counterclockwise frictional force when the ratio of tension is 1.00;
note that, as the rotational angle changes from 40° to 110°, the force becomes smaller. The reason why
the frictional force in the negative direction always occurs at 40° is that the weight on the left side
does not change. This angle is decided by the radius of the pulley and the weight on the left. The time
history of the sum of the frictional forces as the ratio of tension varies from 1.00 to 1.35 is shown in
Figure 10, and we can see that the sum of the frictional forces acting on the rope increases when the
ratio of tension increases. This is because the difference between the inertial forces of the masses on
the right and left sides is equal to the frictional force. As an example, consider the case in which the
ratio of tension is 1.35: We have 0.35 x 294.7kg x 9.81 m/s2 ~ 1012 N. In addition, in Figure 10, we
can see that the sum of the frictional forces oscillates as the nodal coordinate makes and breaks contact
with the pulley. The contact velocity of each nodal coordinate when the ratio of tension varies from
1.00 to 1.35 is shown in Figure 10. Here, the contact velocity is taken to be ¥ in Equation (13), and its
value can be used to define whether slip has occurred. From Equation (13), we can determine that
the nodal coordinate has slipped and that there is a kinetic frictional force when [7| > ¢. Figure 10
shows that the nodal coordinate slips at some angles, but not at others; we can see that the range of
slip increases when the ratio of tension increases. From Equation (13), we see that the maximum of
the frictional force is LN. When all the frictional forces on the pulley are at a maximum, the wire rope
slips, and the pulley cannot move it.
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Figure 10. Time history of each force for ratios of tension between 1.00 and 1.35.

4.3. Influence of Bending Elastic Modulus

We investigated the slip when the bending elastic modulus of the rope was changed, and
the pulley had reciprocal motion. Figure 11 shows the slip numbers for the experiment and the
numerical simulations when the bending elastic modulus was changed as follows: 6.00 x 108 N/m?,
6.00 x 10° N/m?, and 18.00 x 10° N/m?. The other parameters are the same as those listed in Table 2.
In Figure 11, results of three numerical simulations are compared, and it can be seen that the slip
number increases when the ratio of tension is low and that the bending elastic modulus is high.
The reason for this is that the contact force between the rope and the pulley is smaller, since it is
hard for the rope to bend when the bending elastic modulus is large. Figure 12 shows the normal
contact force acting on each nodal coordinate when the bending elastic modulus is 6.00 x 10° N/m?2.
In Figure 12, it is found that there is a characteristic area, indicated by a red circle. The wire rope
contacts only the edges of the pulley, because the bending elastic modulus is high. The normal contact
force is larger in this area because the area of contact is small. Therefore, slip occurs easily because the
total frictional force is small.

1.0000

* Experimental result
0.1000

« & = Numerical result

* Bending elasticity; 6.00x10° N/m”
\ Numerical result

x *nm Bending elasticity; 6.00x10° N/m”
0.0010 x  Numerical result

. Bending elasticity; 18.00>10° N/m’

s 0
0.0100 &8
[ ]

Slip number

0.0001
1 1.1 12 13 14

Ratio of tension

Figure 11. Ratio of tension vs. slip number for various values of the bending elasticity.
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Figure 12. Normal contact force at each node of the element.

5. Conclusions

In this paper, we developed a numerical model that can be used for detailed analyses of the
behavior of the contact between a wire rope and a pulley; the model uses multibody dynamics.
Our proposal and findings are summarized as follows.

e  We proposed a numerical model that can describe in detail the behavior of the contact between
a wire rope and a pulley.

e  The validity of the developed numerical model was confirmed by comparing the distance of slip
predicted by numerical simulations to that measured in experiments, when the wire rope had
reciprocal motion.

e  From the results of the numerical simulations, we showed that the force acting on a wire rope on
a pulley is not uniform, due to the action of partial forces.

e  From the results of the numerical simulations, it was determined that the rope slips when the
ratio of tension is low, and the bending elastic modulus of the rope is large.
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