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Abstract: In a previous publication, the ANSYS Workbench 2024R1 student edition was used to
create a finite element model of a basketball rim and backboard. This finite element model included
the use of steel for the rim and its mount, a tempered glass backboard, and an aluminum frame
behind the backboard. After a mesh was created, fixed support boundary conditions were applied
to the four corners of the aluminum frame. Using the Workbench Modal Analysis System, finite
element mode shapes and frequencies were compared to the empirical modal analysis previously
done at the United States Military Academy at West Point, New York. After a mesh refinement, five
mode shapes and frequencies had a cross-correlation of 98.09% between the theoretical finite
element analysis and previously published empirical modal analysis, specifically where the rim was
vibrating in the vertical direction, which was the direction that the accelerometer was aligned for
the empirical modal analysis. This vertical direction was also the direction of the impulse applied
by the Energy Rebound Testing Device (ERTD), which was the focus of this study. This paper is a
follow-on to the original finite element analysis, where the Energy Rebound Testing Device was also
modeled, this time using the ANSYS Workbench 2024R2 student edition The first modal model was
of the ERTD in isolation in the Workbench Modal Analysis system, and the natural frequency
modeled via finite element analysis, 12.776 Hz, compared favorably with the empirical modal
analysis value of 12.72 Hz. The second modal model, also in the Workbench Modal Analysis system,
was of the ERTD rotatably-attached to a basketball rim and backboard. This second model was then
imported into the Transient Structural Analysis system and then used to confirm the hypothesis
that the ERTD adopted by the NCAA for the sport of Basketball was indeed responsive to changes
in rim and backboard stiffness via changes in the respective Young’s Moduli.

Keywords: dynamics; kinetic energy; finite element analysis; basketball rim and backboard; energy
rebound testing device; fair-court official basketball equipment testing system

1. Introduction

This study was inspired by the impact studies of Tanaka, et-al, [1], Matsuda, et-al., [2],
Takizawa, et-al., [3], and Yin, et-al., [4]. Tanaka used finite element analysis to model carbon-fibre
reinforced golf clubs, specifically to study the effect torsional shaft stiffness had on golf ball impact.
Matsuda used finite element analysis simulated the deformation of the string bed in a tennis racket
due to a tennis ball. Via nonlinear finite element analysis, Takizawa concluded that the nonlinear
mechanical properties of the polymer strings of the badminton racket made the calculated sweet-spot
of the string planes smaller. Yin employed the finite element method to evaluate the von Mises stress

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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distribution in the string-bed of a badminton racket upon the impact of the hemispherically-shaped
nose of a shuttlecock. Nonuniform string tension, nonlinear friction between strings, and different
impact locations were included in Yin’s study.

Javorksi, et-al., [5] first characterized the dynamic behavior of a ceiling-mounted basketball goal
using an impact hammer and a fixed-location accelerometer, and then compared that empirical
analysis to a theoretical finite element analysis. Empirical vibration measurements were taken at
fourteen nodes, ten of which were on the frame supporting the basketball rim and backboard. Only
four nodes were measured on the backboard, at the corners of the backboard, and none on the rim
itself. Overall, 36 frequency response functions were measured, and this study concentrated mostly
on structural vibrations between 2 and 10 Hz. Thus, this important study was focused more on the
structural support of the backboard and rim rather than the elastic vibrations of the backboard and
rim themselves.

The plate vibration studies by Nkounhawa, et-al., [6], Guguloth, et-al., [7], Irving [8], Dumond,
et-al., [9], Andeli¢, et-al., [10], and Geveci, et-al., [11] were all very helpful. Covill, et-al., [12] structural
study gave additional insight.

2. Empirical Modal Parameters of one Energy Rebound Testing Device

Table 1 lists key empirical measured modal parameters of one Energy Rebound Testing Device

(ERTD) [13,14], which is also known as the Fair-Cou rt® Official Basketball Equipment Testing System.
All measurements were taken at the United States Military Academy at West Point. In Table 1, the
damped frequency wd and damping ratio { were measured using the same Briiel & Kjeer (B&K) 2034
signal analyzer, B&K 4393 accelerometer [15], B&K 8202 impact hammer, B&K 8200 force transducer,
B&K 2644 line-driver charge-amplifiers, and Structural Measurements System (SMS) software as
used on the basketball rim and backboard, Winarski, et-al., [16]. The B&K 8202 impact hammer
(excitation) was used to individually gently tap the drop-mass, while the B&K 4393 accelerometer
was affixed to it with beeswax. The ERTD was vertical and supported from its base which was in
contact with a concrete floor, rather than being hung from a basketball rim. From this, the damped
frequency wa=12.59Hz and damping ratio C = 14.61% were measured, as listed in Table 1. Using wa/
V(1-0?), the natural frequency of wn=12.72Hz was calculated. The natural frequency allowed us to
estimate the spring rate of the ERTD as K_estimate = cwn?x M_drop = 4730 N/m.

Table 1. Key modal parameters of one Energy Rebound Testing Device.

Parameter Description Value How Measured
wd Damped Frequency 12.59 Hz B&K 2034
C Damping Ratio 14.61% SMS Software
n Natural Frequency 12.72 Hz wa/N(1-C?)
M_drop Drop-Mass 0.74 kg Direct Measurement
K_estimate Compression-Spring 4730 N/m wn?2x M_drop
Cc Critical Damping 118 Ns/m 2 J(kxM_drop)
C Damping 17.2 Ns/m xCc
M_rod Mass of Support Rod 2.26 kg Direct Measurement
Calibration Average Calibration 12.8% Direct Measurement

The drop-mass had a value of 0.74kg (26 ounces), which was only slightly higher than the 20-22
ounce weight of a men’s NCAA basketball [17]. The 0.74kg drop-mass and the natural frequency of
12.72Hz converted to radians/second gave an estimated spring rate of the helical compression-spring
of 4730N/m. It was against this compression-spring that the 0.74kg drop-mass was dropped from a
height of h=30 inches (0.762m). This gave an impact velocity of 3.866 m/s, calculated from V_drop =
J(2xgxh), when the drop-mass first engaged the helical compression-spring, which became the initial
condjition for our modeling in the ANSYS Workbench Explicit Dynamics system.
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The goal of our finite element modeling was to evaluate the normalized kinetic energy transfer
from the drop-mass to the basketball rim and backboard as [(KE_drop - KE_rebound)/KE_drop].
Since the drop-mass is a common term, this normalized kinetic energy transfer simplified to [1 -
(Vrebound/Vrop)?2].

A preliminary estimate of the maximum deflection AZ of the helical compression-spring was
made by assuming that no energy was transferred to the basketball rim and backboard. This gave the
kinetic energy of the drop-mass upon touching the spring equaling the potential energy stored in the
spring, ¥2M_drop=V_drop? = 12K _estimatexAZ2. This estimated a maximum possible deflection of the
compression spring AZ of approximately 48mm. The next step was to apply the ANSYS Workbench
2024R2 modal analysis system.

3. ANSYS Workbench 2024R2: ERTD in Isolation

We first launched ANSYS Workbench 2024R2 [18], then double-clicked on MODAL under
Analysis Systems in Workbench. This caused the MODAL cell to be displayed in the project schematic
window. We then clicked on Engineering Data to define the spring wire properties of ASTM A 228
music wire [19], most importantly the shear modulus G = 80GPA. We then right-clicked on Geometry
within MODAL and selected DesignModeler Geometry from the menu. We did use English
dimensional units because the Gared [20] basketball rim, mount, backboard, and ERTD are specified
in inches in the United States.

The isolation modeling of the ERTD began with declaring the long cylindrical rod and its
cylindrical base, as shown in blue in Figure 1. The drop-mass was modeled as a toroid from the create-
primitives section. It was desired to use the spring connection in ANSYS, and to locate the ends of
each spring, auxiliary locator-cones were used from the create-primitives section. The inspiration for
these auxiliary locator-cones came from [21], where auxiliary locator-flats were used to locate spring
ends. Since four springs were desired, equally spaced along the horizontal X and Y axes, eight cones
were employed. The overall mass of the drop-mass and its four cones was 0.74kg, matching the drop-
mass used in the ERTD at the U.S. Military Academy at West Point.

Q\ Cylindrical-DropMass_To_ERTD_Rod

1.1672 Max
1.0375
0.90779
0.77811
0.64842
0.51874
0.38905
0.25937
0.12968

0 Min

PEPTTPTTTTTT YT

— WO VWVRVNNNN

v 2 Longitudinal-DropMass_To_ERTD_Base
v 2 Longitudinal-DropMass_To_ERTD_Base
v 2 Longitudinal-DropMass_To_ERTD_Base
~ 2 Longitudinal-DropMass_To_ERTD_Base

v~ @ ERTD_Rod_Base

Figure 1. Natural frequency of 12.776 Hz for Drop-Mass: ERTD isolated and undamped.
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After exiting Geometry, Model>Connections was entered, in order to declare four spring
elements and one joint. By highlighting a pair of upper and lower cones, then declaring a body-body
spring connection, all four springs were created. The material assigned to each spring was music
wire, and the spring rate assigned to each of the four springs was 1182.5N/m (4730N/m, from Table
1, divided by four). Finally, the drop-mass and the drop-rod were connected with a body-body
cylindrical joint. In ANSYS, a joint is indicated by a ball-in-socket icon. This cylindrical joint
constrained the drop-mass to translation and rotational motion along the length of the rod itself,
which was exactly how the drop-mass was constrained in an actual ERTD.

Setup>Environment was then entered, to assign a fixed boundary condition constrained the base
and hence the rod. The only motion desired was that of the drop-mass.

This model was then meshed and solved for the first mode of vibration. Table 2 shows that the
natural frequency of the undamped spring-mass system shown in Figure 1 was 12.776Hz, which
compared favorably with the empirically measured natural frequency of 12.72Hz (Table 1). At this
point, a damping value of 4.3Ns/m (17.2Ns/m from Table 1, divided by four) was assigned to each of
the four springs. Via Model>Modal>Analysis-settings, the damping solver was then engaged, and
the damped natural frequency of the spring-mass system shown in Figure 1 was 12.639Hz, which
compared favorably with the empirically measured damped natural frequency of 12.59Hz (Table 1).
Table 1 also lists the frequency difference between wn - wg which was 12.72-12.59=0.13Hz for the
empirical modal analysis and 12.776-12.639=0.137Hz. Thus, the change in frequency between
undamped and damped only varied by 0.137-0.13=0.007Hz between the theoretical finite element
analyses and the empirical modal analyses.

With this validation confirming our approach, we proceeded to merge the ERTD with the
basketball rim and backboard previously modeled in [22].

Table 2. Validation: Empirical vs Finite Element Natural and Damped Natural Frequencies.

Parameter Description Empirical Finite Element
Wn Natural Frequency 12.72 Hz 12.776 Hz
wd Damped Frequency 12.59 Hz 12.639 Hz

Wn- Wd Frequency Difference 0.13 Hz 0.137 Hz

4. ANSYS Workbench 2024R2: Merging ERTD and Basketball Rim and Backboard

Figure 2 compares an actual Energy Rebound Testing Device hanging from the outermost
portion of a basketball rim with the corresponding Finite Element model as done with ANSYS. The
finite element model of the basketball rim, backboard, and frame were the same previously used in
[22]. The detail shown in Figure 1 was added to Figure 2 by extending the drop-rod upward, to the
basketball rim, within Geometry.

Within Model>Connections, the drop-rod and rim were connected with a body-body spherical
joint. This spherical joint permitted rotational motion in all three directions, but blocked any
translation motion, which was exactly how the rod was constrained by connecting an actual ERTD to
an actual basketball rim in Figure 2.

The fixed boundary condition which had been applied to the base of the ERTD when studied in
isolation was not used in this merged study. Thus, the ERTD was able to pivot about the spherical
joint which connected it with the basketball rim.
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Figure 2. Actual versus Finite Element modeled ERTD.

In Figure 3, steps 30-44 were used to create the geometry of the ERTD. Steps 1-29 were previously
used to create the geometry of the rim-backboard-frame in [22]. The geometric construction began
with creating (denoted by a saw icon) a circle of 0.6” (15.24mm) diameter in the offset horizontal XY
plane used to create the wing brace, step 14 [22]. The 0.6” diameter was chosen because the slightly
larger diameter of the toroid compising the steel rim was 0.625”. Then this circle was extruded
upwards to the rim in step 31 and then downwards in step 32.

An additional offset XY plane was created in step 33, for the creation of a circle in step 34 defining
the cylindrical cross-section of the base. This circle was extruded downwards to complete the base in
step 35. Then four pairs of auxiliary locator-cones were created from the create-primitives section,
steps 36-43, before creating the drop-mass from the create-primitives section, step 40.
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Figure 3. Steps 30-44 used to create the Energy Rebound Testing Device.

Table 3 shows that the rim and its mount, as well the backboard and its frame, were modeled
with 6315 tetrahedron-10 elements, 120 pyramid-13 elements, 4 wedge-15 and 120 hexahedral-20
elements. The ERTD rod and base were modeled with 1854 tetrahedron-10 elements and the drop-
mass was modeled with 348 6315 tetrahedron-10 elements. Table 3 was dominated by tetrahedron
elements, which was the primary element used in [12]. Four fixed support boundary conditions were
then individually applied, one to each of the four outer corner vertices of the aluminum frame behind
the backboard, as described in [22].

After creating four springs in Model, one spring per pair of auxiliary locator-cones, each of the
four springs was declared to have a spring rate of 1182.5N/m. The damping of 4.3Ns/m in each spring
was deemed so small that the use of the damping solver was considered an unnecessary complication
for this complicated structure. Then the ERTD rod and basketball rim were connected with a body-
body spherical joint and the ERTD rod and drop-mass were connected with a body-body cylindrical
joint.
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Table 3. Mesh elements and nodes, and boundary conditions.

Parameter Rim, Backboard, ERTD Rod and Drop-Mass Total
Frame Base

Solid D) 6559 1854 348 8761

Elements

Nodes 14252 4243 712 19207

Corner-Nodes 2606 809 127 3542

Mid-Nodes 11646 3434 585 15665

Tetrahedron-10 6315 1854 348 8517

Pyramid-13 120 120

Wedge-15 4 4

Hexahedral-20 120 120

Boundary

Conditions 4 4

Figure 4 shows five modes of vibration calculated by ANSYS. From left-to-right, the first mode
at 12.133 was dominated by the motion of the drop-mass, and the drop-mass and rim vibrated in
phase. The second mode at 21.855Hz showed the rim 180° out of phase with the drop-mass. Modes 3
and 4, 36.553Hz and 48.503Hz, were interesting because the bowing of the backboard in Mode 4 was
180° out of phase from the bowing of the backboard in Mode 3. Finally, mode 5 at 78.66Hz showed
the elastic flexure of the steel rim itself. At this point we were ready to apply the modal superposition
method to analyze the kinetic energy transfer from the drop-mass to the basketball rim, backboard,
frame, and drop-rod itself.

| | Il [l Il
: ! ) 0

Figure 4. Five modes: 12.133Hz, 21.855Hz, 36.553Hz, 48.503Hz, and 78.66Hz respectively.

5. ANSYS Workbench 2024R2: Transient Dynamics System

The Energy Rebound Testing Device (ERTD) implemented on a basketball rim, backboard, and
frame was then modeled with the modal superposition method of solution [23]. We made our system
linear by terminating each simulation as the drop-mass was about to detach from the compression
springs, Figure 1. This linearization was sufficient for our purposes, as the departure velocity of the
drop-mass was a key object of each simulation.

To use the modal superposition method of solution, we dropped transient structural on the
solution cell of the modal analysis in Workbench. This gave the connectivity shown in Figure 5.
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Figure 5. Dropping transient structural on the solution cell of modal, refreshing setup.

In Figure 5, there are three data sharing links, between the engineering data, geometry, and
model cells, respectively, as indicated by a straight line and a square, [24]. There is one data transfer
link, between the solution cell in modal and the setup cell in transient structural, as indicated by a
curved line and a circle. In transient structural, the pair of green arrows in the setup cell indicated
that a refresh was required. This refresh was accomplished by right-clicking on the setup cell and
clicking on update within the edit menu.

Once the setup cell in transient solution was refreshed in Figure 5, the upper portion of Figure 6
showed that the setup, solution, and results cells of modal needed updating. The lower portion of
Figure 6, show that once setup, solution, and results were updated in modal, question marks in the
setup, solution, and results cells in transient structural indicated that these were unfulfilled and
needed attention.

v A v B
T
2 @ Engineering Data +/ , We— 2 g Engineering Data v o4
3 Geometry v 4 - 3 G try v 4
4 @ Model V — 4 @ Model v .
5 @ setup 7 ‘/ 5ra Setup ? ‘I
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5 @ setup v 4 -85 @ setup ?.
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7 @ Results v o4 7 9 Results ? .
Modal Transient Structural

Figure 6. Updating setup, solution, and results in Modal.

The desired initial condition of the basketball-rim-backboard-frame and the attached ERTD, as
shown in Figures 2-3, was -3.866m/s for the ERTD drop-mass. The direction of this initial velocity
was downward, along the vertical “Z” direction. Figure 7 shows how this initial condition was
obtained in two steps via the impulse-momentum equation. Assuming that the initial force was
constant and applied for the initial time step of 0.001s, gave F = (0.74kg x -3.866m/s)/0.001s = -2861N
for the first step. The second step was to deactivate this force after 0.001 seconds, in setup, to allow
the free motion of the drop-mass and drop-rod, as well as the basketball rim, backboard, and frame.
After these updates to the analysis settings, the solution and results were successfully generated.
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Figure 7. Application of impulse-momentum to achieve initial velocity of Drop-Mass: -3.866m/s.

6. Sensitivity Study: Effect of Rim and Backboard Stiffnesses on Energy Transfer

In Tables 4 and 5, the drop velocity Vrop, the rebound velocity of the drop-mass Vrebound, and the
energy transferred from the drop-mass are shown. Via the spring probe, Figure 8, analyses began at
1ms and terminated when the drop-mass was about to disengage from the compression spring.

Graph vaOox
Animation |4 b [H]»] [[]@ 20Fames  ~|2seciaute) ~ B Q i R & | = E | c
1.e3

Analysis

Spring Force

0. 2.5e-2 5.e-2 7.5e-2 01

Figure 8. The spring probe indicated when to calculate Virop and Vrebound.

The Varop and Vrebound velocities were calculated by the use of the spring probe, which gave the
spring force. By dividing the spring force by the spring rate, the displacement of the drop-mass
relative to the drop-rod was calculated. The displacement versus time was used to numerically
calculate the velocity of drop-mass relative to the drop-rod. The ERTD also calculated the velocity of
drop-mass relative to the drop-rod.

Table 4 documented the energy transfer for changes in the Young's modulus of the glass
backboard, and Table 5 documented the energy transfer for changes in the Young’s modulus of the
steel rim. In both tables, as the respective Young’s modulus was reduced, the energy transferred
increased, which confirmed our hypothesis.
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Table 4. Sensitivity of Young’s Modulus of Glass Backboard on Energy Transfer.

E Glass Vrop Viebound 1-(Vrebound/V drop)?
-20% -3.8252m/s 3.2159m/s 29.32%

69 GPa -3.8256m/s 3.2224m/s 29.04%
+20% -3.8258m/s 3.2687m/s 27.00%

Table 5. Sensitivity of Young’s Modulus of Steel Rim on Energy Transfer.

E Rim Vrop V'ebound 1-(Vrebound/V drop)?
-20% -3.8253m/s 3.2206m/s 29.11%
200 GPa -3.8256m/s 3.2224m/s 29.05%
+20% -3.8260m/s 3.2555m/s 27.60%

It should also be noted that the Varop calculated in Tables 4-5 were all very close to the desired
theoretical value of -3.866m/s. This confirmed our use of impulse-momentum to apply a force of -
2861N for 1ms in Figure 7 to generate the desired Varop.

7. Conclusions

This paper gives a process of creating a geometry, mesh, and boundary conditions for a
basketball rim, mount, backboard, and border frame as well as the Energy Rebound Testing device,
for the purpose of theoretical finite element analysis. The Energy Rebound Testing Device (ERTD)
implemented on a basketball rim, backboard, and frame was first modeled in Modal then further
modeled with the modal superposition method of solution in Transient Structural.

There are many possible designs of rims, backboards, and frames which meet NCAA standards,
so this study is not comprehensive across the sport of basketball. However, our efforts of finite
element analysis did confirm our hypothesis that as the respective Young’s modulii of the glass
backboard and steel rim were reduced, the energy transferred from the drop-mass of the Energy
Rebound Testing Device increased.
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