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STUDY OF REDUNDANT CONSTRAINED DYNAMICS
ANALYSIS METHOD FOR SUSPENSION AMUSEMENT
EQUIPMENT

Guofa XU?, Ping ZHAOY", Yongkui LI, Zengxi LI*

In the analysis of rigid-body dynamics, the mating between parts has a
significant impact on the simulation, making it difficult to obtain accurate results if
redundant constraints exist. Using SolidWorks Motion, we modelled a large
amusement equipment (Giant Frisbee) spindle to study the full load and dynamic
characteristics of the spindle under redundant constraints and set the bushing
parameters for the simulation between the spindle and both sides of the swing arm
link. We then extracted the stress-time curves for each side of the link and compared
with theoretical calculation. The results showed that the dynamics results obtained
using the bushing tool are more consistent with the theoretical results. Therefore,
the influence of redundant constraints must be considered in virtual prototyping to
ensure the accuracy and reliability of the simulation results, and in turn, to correctly
guide the structural design process. This study provides a valuable reference for the
analysis of the dynamic characteristics of components under complex constraints.

Keywords: redundant constraints; amusement facilities; virtual prototype; rigid-
body dynamics

1. Introduction

Currently, virtual prototype technology plays an important role in dynamic
analysis of mechanical systems as it greatly simplifies the design and
development process and improves design quality [1-3]. In practical application, it
has been shown that when there are redundant constraints between the analyzed
parts, virtual prototyping will produce inaccurate force estimates for the connected
parts [4-5]. This problem is particularly prominent in the analysis of large
equipment with complex motion and working conditions. At present, there are
relatively few studies addressing this challenge, and those that exist are neither
systematic nor universal [6-9]. Most of these studies also adopt a simplified model
for analysis, which leads to a decrease in accuracy and restricts the application
and promotion of virtual prototype technology. For example, amusement
equipment of the large and gyroscopic type — such as the Giant Frisbee — is often
simplified to a pendulum model, ignoring the influence of the gyroscopic effect.
At the same time, the virtual prototype analysis does not fully consider the
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influence of the redundant constraints problem, leading to errors in the dynamic
characteristics of key node locations [10-12]. By comparing several simulations, it
has been found that the redundant constraints problem has a significant influence
on simulation results, and certain methods must be adopted accordingly to rectify
these issues.

Based on the illustration above, this paper carries out the research on the
redundant constraint problem of rigid-body dynamics. In this study, SolidWorks
software and the Motion plug-in were used in combination to investigate the
characteristics of the Giant Frisbee spindle under load conditions in simulation
analysis. Furthermore, we explored how the software bushing tools treated the
redundant constraints condition. Finally, we determined a method to obtain
accurate simulation results, which can provide a reference for the dynamic
characteristics of the parts with the complex constraint form.

2. Establishment of dynamic models

2.1 Basic design parameters

Due to the complex structure of amusement equipment, the complete
equipment parameters cannot be obtained in the initial design stage. Therefore, it
is necessary to simplify the structure based on assumptions prior to establishing
the virtual prototype models. This simplification includes the variables related to
dynamics such as the structure's main body size, mass, and the position of center
of mass. If the resulting motion, component characteristics, damping and other
parameter conditions are not significantly affected by the simplification and do
not adversely affect the interaction between parts or the later strength analysis, the
simplification and assumptions can be considered effective [13-14]. The basic
design parameters of the Giant Frisbee according to the relevant design

requirements and materials are shown in Table 1.
Table 1
Basic design parameters of Giant Frisbee
Frisbee Diameter:10 m
Swing Arm Length:15.5m
Swing Arm Weight:8.5 tons
Characteristics Rotary Frisbee Weight:17.5 tons
Movable Load:700 N/person
Authorized Carrying Capacity:42 people

Size

Other

Maximum Amplitude: &120 degrees

The motion of the equipment is composed of the swinging of the swing
arm and the rotation of frisbee, and its overall motion is like a gyroscope.
Therefore, this equipment belongs to the category of large gyroscopic amusement
equipment and the influence of the gyroscopic effect should be considered in
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analysis. The equipment is mainly composed of a rotary frisbee, a swing arm, a
spindle, four frames and other parts shown in Figure 1. In SolidWorks, the "Top
to Down" modeling method was adopted to create the required parts individually,
and the masses of the parts were set through the "Override Mass Properties”
function of the software. The turntable as a whole was created as a rigid sub-
assembly.

Fig. 1. Schematic diagram of the structure of the Giant Frisbee
2.2 Stress form analysis of spindle

Before starting assembly of the model, there was a need to analyze the
stress of the main shaft form in order to judge which parts in the actual cases may
be limited by the constraint reaction force. This information guides the addition of
components in the constraint condition model, ensuring the analysis and
simplification is rational. The constraint reaction force form of the spindle shown
in Figure 2, and L represents the left and R represents the right.

Left Constraint Right Constraint

Fig. 2. Analysis diagram of constraint force form of spindle
From the figure:
Fix, Frx: The swing arm transfers the x-direction component of this spindle
force through the bearing.
Fuy, Fry: The swing arm transfers the y-direction component of this spindle
force through the bearing.
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FLz, Frz: The swing arm transfers the z-direction component of this spindle
through the bearing.

Mc, Mr: The counter-torque transmitted by the swing arm to the spindle by
the bearing.

The results showed that the spindle is consistently affected by axial force,
radial force and reaction moment (perpendicular to the axis direction). In real-
world cases, the swing arm and the spindle pass through the bearing connection.
Thus, in the initial stage of designing the spindle, the SolidWorks "Hinge"
function can be used instead of a bearing modelling a constraint. Furthermore, the
constraints of the interaction between the frame and spindle do not need to be
given when using the finite element method (FEM) for structural performance
analysis as the constraints of the bearing clamp can be used directly.

2.3 Stress form analysis of spindle

According to the movement and connection of the mechanism, the model
was assembled in the SolidWorks assembly environment. The relationship
between the main parts is shown in Table 2, and geometric relations such as
"Coincidence” and "Parallel” were added between the parts' datum planes to
determine the initial position of the mechanism.

Table 2
Connection between parts

Object Mate
Swing Arm-Spindle (Left) "Hinge"
Swing Arm-Spindle (Right) "Hinge"

Frame to Floor "Fix"
Rotary Frisbee-Swing Arm "Hinge"
Spindle-Frame "Hinge"

2.4 Redundant constraints

In the rigid-body dynamics model, the geometric mate relationship is
predominantly used, so the rigid mate relation is continued in the dynamic
analysis. Rigid mating does not affect the solution of the kinematic mechanisms,
but for the complex dynamic system, a rigid mate will repeatedly constrain the
same degree of freedom (DOF) of the parts. This results in erroneous simulated
force transfer routes and affects the accuracy of the final simulation results. In
SolidWorks software, this situation is called "Redundancy".

2.4.1 The calculation of the redundant DOF

Redundant constraints are the inherent problems of rigid body dynamics
simulation. This simply means that repeated constraints are added to a given
degree of freedom in the matching mechanism [15]. If there is "redundancy” in
the moving joint of interest, the software will determine this by calculating the
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“Redundant DOF” as: Redundant DOF = Total Actual DOF - Total Estimated
DOF.

When the "Redundant DOF" is negative, it indicates that there is a
"Redundancy" problem. The magnitude of the value is indicative of the number of
redundancies. In the assembled model, the spindle and the swing arm are joined
by a “hinge” instead of the actual bearing links. As such, the swing arm has one
“total actual DOF” around the axis of rotation while each of the two parts of the
"hinge" have constraints of 5 degrees of freedom. Accordingly, "Total Estimated
DOF" = 6-(2X5) = -4, and "Redundant DOF" = 1-(-4) = 5. This indicates that a
"hinge" will cause redundant constraints on five degrees of freedom in the same
direction.

2.4.2 Link parameter setting

The constraint reaction force transferred from the swing arm to the spindle
can only be shared by the unilateral "hinge" as it is affected by the redundant
constraints such that another "hinge " does not also transfer force. However, this
does not conform to the real-world stress of the parts. There are three main ways
to deal with "Redundancy" in SolidWorks software:

(1) Create a rigid group. In this method, the parts other than those being
studied are created as a single rigid group, to be regarded as a single part,
according to their independent motion form. In the simulation analysis, the
software will automatically ignore the internal redundant constraints.

(2) Replace a complex mate with a simple mate. In this method, a complex
mate (e.g. Hinge, Gear, Screw) is replaced by a certain number of simple mates
(e.g. Coincidence, Parallel, Coaxial, Vertical) between simple elements (e.g.
points, lines and planes). This method is more flexible but is also difficult to be
apply in the dynamic analysis of complex assemblies.

(3) Replace the original mate with the "bushing” tool under the "Analysis"
tab of the mate parameter settings. This method converts the rigid constraint of a
certain mate on the DOF into a flexible constraint that can produce small
deformation under a specific stiffness and damping coefficient. The small
deformation value can then be used to calculate the force at the mate. In
comparison to (2), this method is more convenient to apply, and the analysis of
the actual force distribution is simpler.

To implement method (3), we selected the "Analysis" tab in the "Hinge
Mate™ parameter and selected the "Bushing"” tool. Then, we set the stiffness value
(Isotropic) according to the assumed deformation displacement (e.g. 1 mm and
1°), and continuously adjusted the damping value (Isotropic) according to the
smoothness of the stress-time curve. The final adjusted "Bushing" parameters are
shown in Table 3.
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Table 3
Connection between parts
Mates Bushing
Type Stiffness Damping Force

. Translational 1200kN/mm 2kN « s/mm 0
Hinge (Left) -

Rotational 500kN « m/° 5KN *m *s/° 0

Hinge (Right) Transla.ltional 1200kN/mm 2kN < s/mm 0

Rotational 500kN « m/° 5KN *m *s/° 0

2.5 Redundant constraints

According to the actual motion of the equipment and the relational
literature [11], the swing arm can only reach the specified angular displacement
after several cycles of repeated loading. The change of angular displacement can

be described by

) T 401
6 = 120° x sin (t X m) X cos <t X m) Y

where 6 is the angular displacement of the swing arm (°) and t is the
simulation time (S). The sine is used to control the amplitude of the swing arm,
and the cosine can control the period of the swing arm as the second factor. In this
paper, the whole process is simulated 120 seconds, as 20 cycles, and
a cycle means the angular displacement from zero to a positive maximum to zero
again and then from zero to a negative maximum to zero again. We set the
simulation parameters according to the following steps:

(1) Move the time pointer to the beginning of the timeline.

(2) Add global gravity, with a direction of -y and acceleration = 9.8m/s?.

(3) Add a "Motor" in the form of "Expression”. The loading position is the
cylinder at the upper end of the swing arm and the loading direction is clockwise.
The angular displacement-time curve of the swing arm is shown in Fig. 3.

120
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-120
0 12 24 36 48 60 72 84 96 108 120
Time(s)
Fig. 3. The angular displacement-time curve
(4) Add another "Motor" in "Segments"”, with the loading position at the
cylinder at the upper end of the rotary frisbee. Using the "component to move
relative to" tool, select the swing arm, and set the rotary frisbee to accelerate
linearly to 10 rpm by t = 3 seconds. The angular velocity-time curve of the rotary
frisbee is shown in Fig. 4.

Angle(?)
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Fig. 4. The angular velocity-time curve of the rotary frisbee
(5) Add a datum surface coincidence constraint between the swing arm
and the assembly to specify the initial position of the mechanism's motion. Then,
compress the mate during motion analysis.

(6) Finally, set the simulation accuracy to 25 frames per second and other
parameters as default.

3. Results extraction and analysis
3.1 Simulation results

After the simulation was complete, we selected the option of "Results and
Plots", the category of "Forces", the subcategory of "Reaction Force" or "Reaction
Moment", and extracted the results of the components from different directions.
The analysis object was "Hinge + any surface of spindle”, and the default
reference frame was the global coordinate system. After extracting the results of
"hinge" on both sides, it was found that the stress-time curves of each force
component and the force magnitude were corresponding on each side.

Accordingly, the unilateral extraction results are shown in Figures 5 and 6.
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Fig. 5. Swing arm-spindle unilateral reaction force-time curves
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(d) Magnitude-time curve of reaction moment
Fig. 6. Swing arm-spindle unilateral reaction moment-time curves

From the reaction force-time curves, within a short period from the
simulation start, the peak force was reached due to the initial motion of the swing
arm under the force of gravity. The "bushing" tools need this period to establish
the resistance velocity as this initial acceleration is a rapid change. Thus, the peak
can be ignored in the analysis. To accurately analyze the dynamic characteristics
of the mechanism within a short period after starting, the initial forces and torques
of the "bushing" parameters can be set to “offset.”

3.2 Comparative analysis between simulation results and theoretical
calculation

3.2.1 Theoretical calculation

In some researches [10,12], the equipment is simplified to a pendulum
model. For the load on the spindle, only the centrifugal force was considered and
the reaction moment of the gyroscopic effect was ignored. In this paper, we
approximately calculated the reaction force and reaction moment values of the
load on the spindle by rigid-body dynamical theories of fixed point motion.

The moment when the swing angle of the swing arm decreases from 120°
to 0° for the first time (corresponding to t=61.5s in Figure 3) is selected for
calculation. At this time, the axis of the swing arm is in the vertical position, and
the centrifugal force reaches the maximum.

According to the rigid-body dynamics model, the distance between the
gravity center of the swinging part and the axis of the spindle is e = 14.825m. The
maximum linear velocity of the gravity center v,, can be written as

Uy = \/Zgh = \/2g(e + e - sin30°) = 20.88m/s (2)
where g is the acceleration of gravity (m/s?) and h is the maximum height
difference of the gravity center (m).
The maximum angular velocity of the gravity center w,, can be written as

vm
Wy = —= = 1.408rad/s 3)
The centripetal acceleration of the gravity center a can be written as
a=e-wy?=2939m/s? (4)

The overall centrifugal force of the swing part F; can be written as
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F; = my(g + a) = 899.88kN (5)
where m; is the mass of the swing part (kg).

According to the precession equation of the gyroscopic approximation
theory, the reaction moment caused by the rotation M, can be written as

Mg = Jz01 X @, (6)

where My is the gyroscopic reaction moment and its direction determined

by the right hand rule is -z (kN - m); J, is the moment of inertia of the rotating part

relative to its axis, and the value is 581972.65kg-m?; w; is the rotation angular

velocity of the rotating part, the direction is +y, the value is 1.047rad/s; w is the

angular precession velocity of the rotating part, the direction is +x, the value is
1.408rad/s.

The relevant data are substituted into equation (6) , and the result is My =
858.09kN - m. Moreover, the distance between the bilateral support center is
1.75m, and the reaction force of the spindle caused by the gyroscopic reaction
moment F, can be written as

M,  858.09

F, = 175 = 175 = 490.34kN (7)
The force of the unilateral bearing F can be written as

F,+2-F
F= (12—2) = 940.18kN (8)
The reaction moment of the unilateral bearing caused by the gyroscope

effect M can be written as

My _ 858.09

2

= 429.05kN - m 9)

3.2.2 Contrastive Analysis

Compared the simulation results with the theoretical calculation, the
maximum of each component and magnitude of force on the spindle are listed in
Table 4.

Table 4
Simulation and theoretical calculation results
Analysis of the Position Hm(gLZfI\Sate H'?g%m)a te
Magnitude 929.88 929.88
Maximum Reaction X component 14.86 14.86
Force(kN) y component 929.62 928.62
Simulation Z component 632.58 632.58
Data Magnitude 432.36 432.36
Maximum Reaction X component 0.085 0.085
Moment(kN-m) y component 413.82 413.82
Z component 280.53 280.53
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Theoretic Maximum Reaction 940.18

Calculation Force F (kN)

_ Maximum Reaction
(t=61.55) Moment M (KN-m) 429.05

Based on a comprehensive analysis of the results, the following
conclusions can be drawn:

(1) The two ends of "hinge" symmetrically share the reaction force
transferred by the swing arm to the spindle, whose direction changes periodically
with changes in the angle of swing motion. The maximum reaction force on the
unilateral side of the spindle is 929.88kN, and the corresponding maximum
reaction force is when the rotary frisbee reaches its lowest point. The reaction
force is predominantly in the y-direction.

(2) On both ends of the "hinge", a symmetrical share of the swing arm is
passed to the spindle, with a maximum reaction moment magnitude of
432.36kN-m. This is mainly concentrated in the y-direction component
(corresponding to the horizontal reaction moment), demonstrating that the spindle
force is affected by the gyroscopic effect and that cannot be ignored. Finally, this
result indicates that there is a large deviation from the real-world case when the
equipment is simplified to a pendulum model for theoretical calculation.

(3) The theoretical calculation shows that the maximum reaction force and
the maximum reaction moment in the unilateral support are 940.18kN and
429.05kN-m respectively. Compared with the simulation results, we can obtain
the maximum error of reaction force and reaction moment are 1.11% and 0.77%
respectively. The simulation results are basically consistent with the theoretical
calculation, which proves further the practicability and effectiveness of this
simulation method. Moreover, the results also show that the gyroscopic effect has
a great influence on spindle load and should be considered in the analysis and
calculation.

4. Conclusion

(1) Based on the virtual prototype technology, the dynamic simulation
analysis of the hanging spindle of the Giant Frisbee under the condition of full
load is realized, and the theoretical dynamic calculation is carried out at the same
time. The results show that the dynamic results can be obtained by setting the
reasonable bushing parameters, and the method is more effective and reasonable.

(2) This method can provide a reference basis for solving the redundant
constraints in virtual analysis, and can speed up the design speed and improve the
design quality, which has a good engineering technology application prospect.

(3) This method has important reference significance for the in-depth
study of dynamic characteristics of components with complex constraints by using
virtual prototyping technology.
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