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Abstract: Although the moment of inertia of padel rackets is one of their fundamental properties
and of particular interest to the players, hardly any manufacturer specifies the parameter for its
rackets. The present paper offers a solution to determine the moment of inertia around different
axes of padel rackets and makes a standardized comparison possible. After a short overview of the
physical background of the problem and the existing solutions for inertia testing, the developed
concept for a test stand is described in detail. The approach uses the fact that a pendulum swings
with its natural frequency, which depends directly on its moment of inertia. The inertia can be cal-
culated by measuring the cycle time of the swing. Two different test stands, a trifilar and a swing
pendulum, are designed to enable an oscillation of the rackets with different rotation axes, and an
acceleration sensor is used to measure its natural frequency. A user-friendly interface acquires and
processes accelerometer data providing inertial moments. A calibration model defines sensor accu-
racy. Precision is estimated by calculating the influence of the measurement errors and by testing
the repeatability. The maneuverability parameter is created, and in the last step, various rackets are
evaluated to create a database with the main properties. As a result of the study of the racket pop-
ulation, a maneuverability parameter is proposed to classify the rackets in a comprehensible way
for users. The classification method is tested with users to explore the matching between the scien-
tific classification and the player’s feelings. The results are shown and explained.

Keywords: padel; moment of inertia; system identification; signal process; racket maneuverability;
trifilar pendulum

1. Introduction

Padel is a tennis-like racket sport currently gaining popularity across Europe and
other continents at an impressive speed. The main differences with tennis are a smaller
court (20 x 10 m?) with enclosing walls made of glass and fences and solid stringless rack-
ets. Padel is played two against two. The ball has the exact dimensions as the one used for
tennis matches. The game was invented in Mexico in 1969, spread during the 1980s in
South America, mainly in Argentina, and has been since the 1990s a common and popular
sport in Spain with corresponding tournaments, associations, sports clubs with padel
courts, and racket manufacturers. Although Spain is the major player country, with over
4 million players [1], padel has also spread outside these countries in recent years [2,3].
Current estimations show that there are over 18 million players and 300,000 federated
players around the world. The International Padel Federation (FIP), founded in 1991, is
the leading association to regulate and promote padel and is formed by more than 50
national federations representing almost 100 countries [4]. FIP recently launched the
Premier Padel™, a global padel tour backed by the Professional Players Association
(PPA), with 10 tournaments scheduled for 2022 and 2023 and 25 tournaments for 2024.
Another professional circuit, World Padel Tour, was created by a private firm (Setpoint
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Events, 5.A.) that organizes tournaments in cities from more than 15 countries considering
Open, Master, and Challenger Tournaments and Exhibitions. The repercussions of padel,
the number of players worldwide, and the research interest is increasing [5].

The primary sport implement to play padel is the racket. A padel racket, unlike ten-
nis, badminton, or squash rackets, has no strings; unlike table tennis or pickleball, the
padel racket must have at least one hole. There are discussions about the better distribu-
tion of the holes in the racket faces. In [6], the flow physics of padel rackets with different
hole configurations are studied and tested with the conclusion that the actual design lacks
scientific attention and could be optimized with holes in the outer part of the head instead
of the center. A padel racket comprises two parts, the head and the handle. The handle
must have a maximum length of 20 cm, a maximum width of 50 mm, and a maximum
thickness of 50 mm. The length of the head plus the length of the handle may not exceed
45.5 cm, with a maximum width of 26 cm and a maximum thickness of 38 mm. The handle
end has a non-elastic cord that must be put around the wrist as protection against acci-
dents [7].

Tennis racket shapes and materials have changed significantly over time, influencing
player performance and injury risk [8]. The three main elements of a padel racket are the
frame, core, and face. The frame is the component of the racket that surrounds the faces
and is usually made in a tubular shape. This is the piece that gives the padel racket
strength. That is why high-yield strength is usually used for this component. The frame
of padel rackets is typically made of carbon fiber, fiberglass, and aramid fibers (aromatic
polyamide).

The core is one of the most critical parts of the racket. It is the material inside, below
the face’s surface. The core highly influences the control and power of the racket. Rackets
can be divided according to their core material: rubber core as ethylene-vinyl acetate
(EVA), foam core, and others, such as polyethylene (PE), or even a hybrid core such as a
combination of EVA and PE. In turn, these are divided into several types, depending
mainly on their density. For example, EVA rubber can be black EVA rubber, soft EVA
rubber, and ultra soft EVA rubber, among others.

Finally, regarding the faces, there is a wide variety of materials for their manufacture.
The most common is carbon fiber, which also has subdivisions such as 1K, 3K, 18K, and
24K carbon, depending on its quality and hardness. However, there are also rackets with
innovative materials such as graphite or with more ordinary materials such as fiberglass.

Because of the growth of padel sport, scientific research and padel racket sales have
increased notably in the last few years [9,10]. That commercial opportunity has led to
many firms dedicated to padel racket manufacturing. There is a wide variety of padel
rackets on the market, referring to many brands, models, colors, and different materials
for their manufacture. Padel rackets are handcrafted, and there is no standard for this
process. The manufacturing process is mainly artisanal, with different stages from design
to molding, deburring, forming, priming, painting, hole drilling, and finishing. The com-
ponents and materials with which the padel rackets are made influence their durability,
performance, type of play, and bending stiffness [11].

When a company develops a new racket model, it defines its characteristics based on
its experience and commercial interests. This lack of standardization is a problem for us-
ers, who cannot compare rackets with each other except by direct testing, and for compa-
nies, as it is complex to determine the characteristics of a particular racket design beyond
evaluation by expert users. This problem is currently being focused on by researchers in
disciplines ranging from rackets materials technology [12] to creating an intelligent tennis
coach for a racket [13] or in table tennis [14] and with wearable sensing devices for which-
ever racket sports training [15], which is of interest to both companies and padel players,
as well as to researchers. In order to measure the player experience, the leading tennis
racket firms have developed wearables to characterize some game characteristics. The
Sony Smart Tennis Sensor (Sonny, Weybridge, UK) and the Head Tennis Sensor (HEAD,
Phoenix, AZ, USA) are examples of these devices. They are attached to most tennis
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rackets’” bottoms and measure the kind of stroke (righthand, lefthand, smash, volley,
sliced, or topspin). They also give the impact point and the ball’s speed. Another wearable
with similar characteristics is the Zepp Tennis 2 (Zepp Labs Inc., San Hose, CA, USA) but
it offers a flex mounting configuration that adapts to any racket. These devices offer video
analysis tools in their apps to analyze the player’s strokes.

This is the goal of the Laboratory Testea Padel at Universitat Politecnica de Valencia,
the first and only laboratory in the world entirely dedicated to researching padel rackets.
The research in this laboratory is oriented to allow the characterization of padel rackets to
know all their parameters related to mechanical properties and playable characteristics.
During the last five years, several test stands have been designed to determine different
parameters of the padel rackets. One of the playable characteristics analyzed for padel
rackets is maneuverability, that is, the quality of being easy to displace and rotate. The
maneuverability of a padel racket is an essential feature in specifying its playable level. It
depends on the racket weight, the location of its center of mass (COM), and its mass dis-
tribution, that is, its moment of inertia (MOI).

Although the MOI of padel rackets is one of their fundamental properties and is of
particular interest to tennis players [16,17], and MOI is more critical than racket mass in
the swing speed of the racket [18], hardly any manufacturer specifies this parameter for
its rackets. MOl is also an essential feature in other sports such as golf [19] and cricket [20].
In the case of tennis, the effects of the racket’s physics on the player’s performance are
already well studied by researchers for decades. One of the most important characteristics
of the rackets is the moments of inertia around the axes through the handle. Various works
[21-25] investigated the MOIs for tennis rackets and their effects on the player’s experi-
ence and the risk of injuries in the elbow and wrist when players served [24]. In order to
measure the tennis racket MOls, there are mathematical [21] or experimental proposals
[26,27] (Spurr, 2016) (Allen, 2018). Nevertheless, work regarding MOI measuring or esti-
mation has yet to be found for padel rackets.

The aim of this work is to design a test stand to enable the evaluation of MOlIs for
padel rackets. Figure 1 shows the axes of rotation that interest this study.

Jd:SOmm

Figure 1. Padel racket and its rotation axes.

The MOI around the horizontal axes (here, x and y axis) is commonly known as the
swing weight and measures how “heavy” the racket feels when it is swung. The study in
[17] about tennis rackets with different participants points out that “swing speed de-
creased with respect to the MOI according to a power relationship.” The same result can
be found in [28,29]. In the case of the vertical axis (z-axis), the MOI determines the stability
of the racket when the ball hits the racket off-center. According to [23], higher inertia in-
creases the racket’s resistance to twisting. The same applies to padel rackets, which shows
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that the analysis and measurement of their inertial properties is an essential and present
issue for manufacturers and players.

As padel is a novel sport, there is still not much research on rackets’ properties. This
paper proposes a methodology to measure their maneuverability and a test stand to make
measuring tests and present results on padel rackets. Therefore, the present paper offers
a solution to determine the MOI around different axes of padel rackets to make a stand-
ardized comparison possible. Once the test stand is calibrated, a population of 137 padel
rackets is measured. The mass, balance, and MOIs around the x, y, and z axes are meas-
ured for each racket. With these data, a maneuverability index combining the inertial
properties of the rackets is proposed. This parameter allows the classification of the ma-
neuverability of a racket in a comprehensible way for a user. A study with 50 padel users
is presented to verify the matching between the scientific index and the player’s feelings.

2. Measurement Process
2.1. Preliminary Measurements

The weight of the padel racket is the first parameter with more influence on maneu-
verability. A heavy padel racket is harder to move. The padel racket’s COM corresponds
with its balance point, where it can be balanced without tipping over. A simple gadget
can quickly determine this point (Figure 2). The padel racket is positioned on a rotatable
metal bar, and with the attached knob, it is possible to rotate the bar until the racket sur-
passes the balance point and tips over. The distance between the handle end and the COM,
the balance distance, can then be easily read from the ruler on the table.

Figure 2. The device used to determine the COM of padel rackets.

From our study of 137 padel rackets (Figure 3), the minimum and maximum values
for the weight of padel rackets are 0.316 kg and 0.387 kg, with a mean of 0.363 kg. The
balance of the padel rackets is in the interval of 246 mm to 283 mm, with a mean of 265.52
mm.
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Figure 3. Weight, median values, and balance of 137 padel rackets.

2.2. MOI Calculation Methods

Several methods experimentally can be used to determine the moments of inertia of
irregularly shaped bodies. The Atwood machine was invented in 1784 by the English
mathematician George Atwood as a laboratory experiment to verify the mechanical laws
of motion with constant acceleration. The Atwood machine is an easy and familiar way to
demonstrate the principles of inertia and acceleration and can also be used to determine
the MOI of different bodies. Even if this method has the advantage of the easy calculation
of inertia moments, the experiments are too inconvenient, as it takes a long time to wind
up the thread every time to prepare the setup, and it requires a controllable motor.

Another way to determine the inertia of a given object is to let it oscillate freely like
a physical pendulum around a point out of the COM of the object. When a pendulum is
neither driven nor damped, it oscillates with its natural frequency, which depends directly
on the MOI. Thus, the time of one oscillation period can use to calculate the inertia. In the
case of a rotation around a horizontal axis, the motion of the swinging object can be de-
scribed with the already derived equation for physical pendulums:

—mgdsin@ =16, @)

where 0 is the rotation angle, I is MOI through the rotation pivot for an object,  mass, d
distance between the rotation pivot and the COM and, with T the time of period, it is
possible to calculate the MOI I according to:

__ T?mgd
T oam2 7

2)

The cycle time of one oscillation can be measured with a slow-motion camera, en-
coder, or accelerometer sensor. To determine the distance d, the COM must be located
before. Since it coincides with the point where the object can balance without tipping over,
it can be found by balancing the object and considering the symmetry. The application of
this pendulum experiment to tennis rackets is well known, as it can be found in [22],
amongst others.

A third method to compute the inertia of an object is the oscillation around the verti-
cal rotation axis. An easy way to enable a free vertical oscillation is to suspend the respec-
tive object on one or more threads. A torsional pendulum with three threads or cables is
called a trifilar pendulum [30]. The strings are arranged in a triangle with a constant dis-
tance R to the axis of rotation (Figure 4).
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Figure 4. Trifilar pendulum.

Adding wires to the basic torsional pendulum improves the setup’s stability, and the
added threads’ torsional stiffness is insignificant. The pendulum hangs from wires of
identical length and rotates vertically around its COM. Friction and mass of the threads
are neglected, and the weight force of the rotating body is divided uniformly between
them. In addition, small angular displacement for the angles (Figure 5) assumes that tan0
= 0 and tana = a are valid. These assumptions are ordinary simplifications found in dif-
ferent authors [31,32].

Figure 5. Displacement of the rotation body with labeled angles and lengths.

Because of the enhanced stability, trifilar pendulums with three threads are used in
most applications. With this setup, the time period depends again directly on the MOL
The parameters needed to calculate the inertia around a vertical axis are the length L of
the threads, the distance R between the threads and rotation axis, the mass m, and the
period T of oscillation. After measuring these parameters, the pendulum MOIs, I, can be
calculated according to Equation (3).

T?R?mg
=< 3
! 4m2L ©)
The pendulum mass has two components, the mass of the plate m, and the mass of
the racket mr (Equation (4)), and knowing the pendulum base plate MOls, I, it is possible
to obtain the racket MOI I..

m=m, +m, 4)
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I=1,+I, (5)

For example, there are many applications of trifilar pendulums to evaluate rotors [33]
and airplanes [32]. The application of this experiment and its systematic measurement
errors are well studied. In [31,34], they specify that the COM of the rotating body must
pass through the rotation axis to obtain exact results. A solution for this problem is pro-
posed in [30], using load sensors and additional weights on the lower disk to adjust the
COM, and in [35], using a universal joint to align de COM.

MOI can also be estimated with torsional springs. The racket is placed on a rotating
disc, then displaced in an angular direction, the spring tension exerts a torque on the disc,
and it starts to oscillate. Hooke’s law determines the torque applied. The equation of the
MOI is the same as for the torsional pendulum with one string. The object’s MOl is calcu-
lated if the spring constant and MOI of the platform disc are known. With an alternative
design, it is also possible to use linear springs to stimulate the oscillation [36].

2.3. Comparison of the Approaches

Every one of the presented solutions has advantages and disadvantages to consider.
Table 1 shows the main issues of the approaches.

Table 1. Comparison of the different approaches to determine the MOI experimentally.

Device Advantages Disadvantages

Long time for preparation

At d hi E Iculati
wood machine asy calcuiation Controllable motor recommended

Pendulum Simple design Different designs depending on

the axis
. Easy calculation Spring characteristics must be de-
Springs . . .
Simple design termined

The Atwood machine needs a long time to wind up the thread every time to prepare
the setup and the complexity of this device is higher because a controllable motor is rec-
ommended, if not mandatory. The approaches with the pendulum and the springs are
similar, but the pendulum solution is selected more frequently. Developing a device with
springs is more complex than a pendulum because the spring Young’s modulus should
be known. Moreover, the approach with the pendulum yields good results in other studies
for tennis rackets [21,27].

2.4. Test Stand Design and Implementation

The following section describes the mechanical designs of the test stand to enable an
oscillation of padel rackets. Padel rackets have three MOlIs axes of interest (Figure 1). Two
designs are needed to measure the inertia around the horizontal axes (x and y) and the
vertical axis (z). The first is a trifilar pendulum used for the MOI of the vertical axis z. This
method has higher stability than the simple torsional spring pendulum and no Young's
torsion modulus needs to be determined. The second is a horizontal rotation pendulum
used for the MOI of axes x and y.

The rackets in the horizontal pendulum are assembled between two 3D-printed parts
and pivot around a horizontal axis (Figure 6). The limiter part is fixed with a blinder clip
to facilitate the adjustment of the racket paddle in the correct position (with the end of the
handle 80 mm from the rotation axis) before holding it with screws. The padel racket cra-
dle and holder have a V-shape identical to the racket handles. The cradle has a shaft that
pivots around two ball bearings to enable oscillation. With this design, COM of the padel
rackets lies right under the rotation axis. A stopper limits the racket positions that rotate
around an axis that passes 8 cm from its bottom. The chosen distance in other studies for
tennis rackets ranges from 7 cm [28] through 7.6 cm [27] to 4 inches (10.2 cm) [17]. The
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present work sets the distance to the mean value of 8 cm. This distance is adequate to
represent the area where the player holds the padel racket.

(a) (b)

Figure 6. Setup for the horizontal rotation. (a) Computer-aided design (CAD) model. (b) The limiter
positions the racket with a defined distance between the rotation axis and grip end.

A trifilar pendulum is used to determine the MOI around the vertical axis. The rota-
tion body is hung up with three strings to enable oscillation (Figure 7).

Figure 7. Setup for the vertical rotation. (a) CAD model, (b) final assembly, and (c) detail of strings.

The padel rackets are mounted between two polylactic acid (PLA) 3D-printed com-
ponents; the cradle and the holder are shaped like the handle of rackets.

The rotating base is hanging with three parallel strings. The strings are fixed with
nodes and keep parallel the upper and the rotating base. COM must lie on the rotation
axis, so the holders are designed so that the padel racket’s vertical axis z coincides with
the rotation axis. The COM of the cradle and holder with fasteners lies not precisely on
this axis. The MOI calculated with CAD software SolidWorks® (Dassault Systemes,
France, 2022) of the test stand is 2.16181 kg cm?, higher than the MOI that passes through
the COM 2.157 kg cm?. That does not significantly influence the results since the vertical
MOI of padel rackets is higher.

The thread length L must be measured. The effective length depends on the actual
angular position of the lower holder. The string length is L = d1 + d2 + ds (Figure 7) when
the holder is not displaced because the thread knots are on the holders” outer sides. After
displacing the holders with the racket, the effective thread length is d2. To consider the
observation, the mean value L = d2 + (d: + d3)/2 is used in the follow-up experiments and
calculations.
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Previous prototypes determine the final design. This test stand has different free os-
cillation modes; vertical rotation and swinging displacements in horizontal directions.
The length of the three strings L and its distance R determines the frequency of those
modes. The vertical rotation mode determines the z axis padel racket MOL This length
was chosen to separate these frequencies. Short string lengths and radii make a swinging
displacement in the horizontal direction easier. The final compromise solution was string
length L =150 mm, and R = 100 mm radius distance.

2.5. Sensor Data Processing

A biaxial accelerometer is used to determine the cycle time of the oscillation. The
accelerometer signal’s frequency coincides with the vertical oscillation movement fre-
quency. The signal’s amplitude does not matter, so the position of the sensor is not signif-
icant. As shown in Figure 8, the sensor is placed as far away from the rotation axis as
possible to obtain a high amplitude and, thus, a less noisy signal. For the case of the ver-
tical pendulum, it is attached to the plate, and the horizontal pendulum is on the racket
itself since the holders hardly move.

~a 3

Figure 8. The location where the accelerometers are attached. (a) For horizontal pendulum and (b)
for the vertical pendulum.

The used sensor is an ADXL Dual-Axis Accelerometer with +5 g full-scale range [37]
from the manufacturer Analog Devices. Its data are acquired through the National Instru-
ments I/O device USB-6008 [38] with a sample rate of 1 kHz. Figure 9 shows the experi-

mental setup block diagram.
Mass
Balance Computer interface

)
w
=)
3 keyboard input
; S
analog input %
= USB
= >
-
—

Figure 9. Experimental setup block diagram.
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A MATLAB® function process the data and determine the period time of the oscilla-

tion. It acquires the raw data from the I/O device for a determined time, optimizes the
signal in several steps, and performs a fast Fourier transformation (FFT) to obtain the
power spectral density. The first and higher harmonic is the vertical oscillation frequency.
The different steps of the processing signal are:

1.

\

ignal

-01 I 1

0.05 JA\ f'\\ /'\\ f"'\
: { \ ;‘ i‘\ | f \\ / \\. \ ) / \ / 4
o \ j ‘\*/ k\&.f \«I/ \V/ V V Vo |

Raw sensor data are noisy and coarse, so signals are filtered first with low pass at
1500 Hz and second with a simple moving average. It replaces every data point by
the mean of its initial value and the value of the preceding and the following two
data points. Filters reduce the noise, and the leaps in the signal are smoothed out, as
shown in Figure 10.

The signal is trimmed (Figure 10b) to consider only a whole multiple of the repetitive
period. That means that the dataset starts at the same point of the period where it
ends. An offset is applied to the data so that the mean of the values is just zero. After
that, complete cycles can be detected by searching for the points where the sign
changes from positive to negative or vice versa.

It shows the frequency spectra (Figure 11). After obtaining the dominating frequency,
the period determines the time of an entire cycle.

Original Signal
T T

N
R

Time /s
@)

Signal after Filter and Trimming

T T T

] 1
AVAWAWA

0 \ / \

A
b

Time /s

(b)

Figure 10. Plots of the signal in the different steps of the processing. (a) Raw signal. (b) Processed
signal (filtered and trimmed).

Magnitude

200

o
=3

=]
=3

0 —— e
0 05 1 15 2 25 3 35 4 45 5

Frequency / Hz

Figure 11. Frequency spectrum of the signal after the FFT. The dominating frequency can be found

at 0.

920 Hz, which corresponds to a period duration of T=1.086 s.
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2.6. Interface Design Software

The developed MATLAB® interface facilitates the experiments with the test stand.
Apart from the primary function of data acquisition and calculating the MOI from the
sensor data and racket parameters, it visualizes the raw (Figure 10a), optimized signal
(Figure 10b), and the computed period (Figure 11). Figure 12 shows a screenshot of the
interface. Every pendulum needs different parameters (Equations (2) and (3)). This selec-
tion enables and disables the corresponding edit fields for the parameters. Before meas-
uring, the I/O device is connected by specifying the device’s name. The measurement
starts with an adjustable sample frequency and total sample time. After measuring, the
program displays the original sensor signal, the optimized signal, and the resulting period
duration from the FFT. The frequency spectrum can be plotted additionally.

4. Padel Moment of Inertia . o X

Horizontal
N A4 i—' Vertical
Vertical Orientation Horizontal Orientation
Connect| () Devicename | peyi Original Signal

Pin (A7 v| Sample Rate [Hz] |[4p00

Sample Time[s] [1p

Signal / V

09

Start Measuring Plot FFT Spectrum

Period Time [s] |4 pgg Time/s

Padel mass [g] | 359 o Optimized Signal

Padel balance point(mm] |55

Distance Axis - Grip End [mm] | gg

=

-0.1

Time/s
Inertia without racket [kg cm?] [ 257
— PadelName | Royalpadel!\| | Open Results
Calculate MOI
Als X w Save Result

Moment of inertia [kg cm*]  202.981

Figure 12. Screenshot of the MATLAB® interface to run and store experiments.

3. Calibration, Testing, and Error Estimation

This section estimates the accuracy of measuring using objects with simple geometry.
The inertia of these objects can be calculated easily. The theoretical values can be com-
pared with the measured ones to verify the results.

3.1. Propagation of Error and Repeatability for Horizontal Rotation

The first approach to estimate the accuracy is to identify the sources of measurement
errors and calculate their influence on the results. The propagation error approach calcu-
lates the effect of every measurement parameter. Since the parameters for the horizontal
and vertical rotation axes are different, their error propagation is treated separately. The
whole experiment is repeated several times for the same padel racket to determine how
much the results diverge in every repetition.

Equation (6) defines the moments of inertia of the racket I- around the horizontal
rotation axes x and y.

_gT?*(my +my)d
== b

L, (6)
where mo is the mass of the test stand without the padel racket, m: is the mass of the padel
racket, Jois the MOI with no load, T is the period, and d is the distance between the rotation
pivot and the COM. The cradle, holder, screws, and nuts are set to have an MOI o that
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must be subtracted from the result. The COM of the test stand without a padel racket lies
on the rotation axis. Hence, it cannot oscillate without a racket and must be estimated
using CAD software SolidWorks®. The approximation cannot be very accurate because
the software assumes uniform density for every part, which is not the case for 3D-printing
parts. MOI of the empty test stand is 24.998 kg cm?. Nevertheless, the approximation
shows that Io is a mere fraction of the MOI of a padel racket (Io/Ir = 0.1%), so the influence
of the errors in lo is insignificant.

The distance d between the rotation axis and COM of the complete setup with a racket
depends on their separate COMs (Equation (7))

domg + d,m
— Omo - n: r (7)
0 T
where do and dr are the distances between the rotation pivot and the COM of the non-
loaded stand and the racket respectively. As for this case, do =0 applies because of the test
stand symmetry, thus Equation (6) simplifies to:

gT*m,d,

I = 472

— 1, ®)
That means that measurement errors of the period time T, the mass mr, and the dis-
tance dr cause deviations in the final results for the MOI I.. According to error propagation,
the standard deviations AT, Am:, Adr, and the partial derivatives to the parameters, must
be determined to calculate Al
The standard deviation of every parameter involved in MOlIs (Equation (8)) is calcu-
lated by measuring the same padel racket with the devices developed ten times.

ol gTm,d,
— =2 _T7 = +1. 9
T o AT = +1.21ms 9)
o1 _gT'd: Am, = +0516 (10)
om,  Am? e = 20000
or _ gT*m, Ad, = 40425 (11)
ad, _ 4am? r T Ao mm

To compare the magnitude of the parameter’s influences in error, the average values
of the N padel rackets are T=1.103 s, d = 0.026552 m, and m = 0.36307 kg. These values are
used as references. Table 2 shows the analyzed N padel racket’s average values, partial
derivations, and standard deviation. The multiplication of standard deviations and partial
derivations are used to compare their influence on the final result. The measurement error
of dr, mr, and T has a similar influence.

Table 2. Average values, partial derivation, standard deviation, and the influence of every parame-
ter in error for the case of horizontal rotation.

Parameter Xi ol/0xi Axi 0I/0xiAxi10+4
T 1.103 s 0.0485 0.00121 s 0.587
mr 0.363 kg 0.0736 0.000516 kg 0.380
d: 0.265 m 0.1007 0.000425 m 0.428

According to error propagation, considering the resulting maximum error of 10% for
Io from estimated with the CAD, the standard deviation can be estimated Alo could have
a maximum value of 0.025 kg cm?. Concerning the calculated average value of 137 padel
racket, MOI in axes x and y I = 1.963 x 10* kg m? the error propagation amounts to
0.0127%.
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The uncertainty or error propagation (i) of the calculation of I from horizontal pen-
dulum rotation is shown in Equation (12) and is 0.820 kg cm? where standard deviations
were taken to be error estimation. The error propagation amount is 0.418%, considering
average values of MOI x-y 196.313 kg cm?.

2 2

al 2 ol al .
Hyy = (ﬁAT) + (—amrAmr) + (6_drAdr> (12)

Another way to estimate the accuracy of the test stand is to determine the deviation
between the results MOI of different experiments with three different references. Refer-
ences were selected to represent the lowest, average, and highest MOI analyzed from 137
padel rackets. The models (a, b, and c) used are pine wood bars which have been meas-
ured 10 times and average values are: diameter (0.035, 0.0347, and 0.0345 m), length (0.575,
0.547, and 0.532 m) and mass (0.2899, 0.2977, and 0.2944 kg) (Figure 13).

Figure 13. One of the references used to calibrate vertical MOI test stand.

Those data provide the theoretical MOI that is compared with the measured in Table
3. Results show an accuracy error average of 0.490% and a repeatability average of 0.215%,
considered as the coefficient of a standard deviation compared to the theoretical value.

Table 3. Results summary of the references used to calibrate vertical MOI test stand.

Theoretical Measured MOI Standard Accuracy  Standard Devia-
Model MOI X MOI X Deviation Error  tion/Theoretical MOI
(kgem?) (kg cm?) (%) (%)
a 202.936 203.69 0.704 -0.37 0.35
b 186.116 184.53 0.262 0.85 0.14
C 168.074 168.49 0.265 -0.25 0.16

3.2. Propagation of Error and Repeatability for Vertical Rotation

For the vertical rotation axis, the equation to calculate the racket’s MOl is:

_ gR?*T?*(my + m,) B

r 472], 0 (13

The inertia of the vertical test stand without racket Io must be subtracted from the
result to obtain the pure inertia of the padel racket. It is determined by measuring the time
of the period without racket To. The equation is:
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2

gR

s (T?(my + m,) — Tém,) (14)

I, =

Table 4 shows the results of the measured parameters and their corresponding par-
tial derivatives from the equations:

ol  gTR?
= ZH_ZL (Mo +m,) AT = +1.08 ms (15)
ol TymoR?
57 = _gZOH—ZOL ATy = +1.6 ms (16)
0
ol  gT2R?
=T Am, = +0.5164 g 17)
T
ol grR* .
=] (T2 —=TR) Am, = £0.1678 g (18)
0
al gr* 5
oL =~ 2z (T2 0mo +my) = Témo) AL = +0.0868 mm (19)
ol  gR
= ZizL (T2(mg +m,) — Témy) AR = +0.1714 mm (20)

Table 4. Average values, partial derivation, standard deviation, and the influence of every parame-
ter in error for the case of vertical rotation.

Parameter Xi ol/0xi Axi 0I/0xiAxi10+4
T 0.4829 s 0.0084 0.00108 s 0.0903
To 0.31008 s -0.0016 0.0016 s -0.0258
mr 0.3630 kg 0.0039 0.000516 kg 0.0201
mo 0.1568 kg 0.0023 0.000168 kg 0.0039
L 0.1498 m -0.0018 0.000087 m -0.0015
R 0.10008 m 0.0354 0.000174 m 0.0607

The uncertainty or error propagation (u:) of the calculation of Iz from vertical trifilar
pendulum rotation is shown in Equation (21) and is 0.114 kg cm?, where standard devia-
tions were taken to be error estimation. The error propagation amount is 0.658%, consid-
ering the average values of MOI axis z 17.282 kg cm?. This result is consistent with the
findings [39] in the error analysis with tennis rackets, where period T and plate radius R
are the most influential parameters in the relative error. According to Equations (15)—(20),
if the length of the threads increases, the relative errors decrease.

= (al AT)2+<61 AT, )2+<61 A )2+<01 A )2+<61 AL)2+<61 AR)Z (21)
Hz= \ar- aT, = om, " omg S oL aR

In the same way, horizontal pendulum accuracy has been determined with three dif-
ferent references. References were selected to represent the lowest, average, and highest
MOI analyzed from 137 padel rackets. The models (A, B, and C) used are aluminum bar
profiles (0.045 x 0.045 m?) which have been measured 10 times and average values are:
length (0.247, 0.236, and 0.225 m) and mass (0.381, 0.367, and 0.347 kg) (Figure 14).
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Figure 14. One of the references used to calibrate horizontal MOI test stand.

Those data provide the theoretical vertical MOI compared with the measured ones
in Table 5. Results show an accuracy error average of 0.990% and a repeatability average
of 0.303%, considered as the coefficient of a standard deviation compared to the theoreti-
cal value.

Table 5. Results summary of the references used to calibrate horizontal MOI test stand.

Theoretical Measured MOI Stand- Accuracy Standard Devia-
Model MOI X MOI X . . Error tion/Measured MOI
(kg cm?) (kg cm?) ard Deviation (%) (%)
A 20.000 19.750 0.0777 -1.14 0.39
B 17.506 17.527 0.0412 -0.12 0.24
C 15.231 14.971 0.0412 1.71 0.28

3.3. Summary on Error Estimation and Considerations

Table 6 summarizes all results for the relative deviation from this section. Since the
error propagation is rather theoretical and depends heavily on the estimated measure-
ment deviations, the repeatability and the comparison to theoretical values provide more
precise information about the accuracy of the test stand.

Table 6. Results for the relative deviation of experiments in the test stand.

Error Propagation Accuracy Error Repeatability
Test Stand
est Stan (%) (%) (%)
Horizontal 0.418 0.491 0.215
Vertical 0.658 0.990 0.303

The vertical test stand has a 0.5% of error estimation and the horizontal one 1%.
Therefore, the experiments with the test stand yield results with a reasonable maximum
deviation of approximately 1% and high repeatability. The two setups for the different
orientations have similar repeatability and even more because the error propagations
have been estimated with a confidence level of 68% in a normal distribution, correspond-
ence to a one-sigma effect.

Apart from the mentioned measurement errors, some other aspects affect the exper-
iments. During the testing of the padel rackets, the following issues were found:

e  Some rackets are manipulated with extra grips or protectors on the side. These items
change the weight and balance point.
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e  The variance of the parameters between rackets of the same model is significant.
Some manufacturers specify the weight of the rackets with a range of 20 g, which
causes a variance that makes it impossible to generalize the results for all rackets of
the same model accurately.

e  The handle end of some models is oddly shaped or has a strap attached, making it
difficult to accurately measure the distance to the COM and position the racket in the
cradle.

e  Even though ball bearings used in the horizontal pendulum have low friction, this
friction damping the swing, and, after approximately ten cycles, the padel rackets
stop due to the friction force.

e In the case of the vertical rotation axis, the rotation goes not precisely through the
COM; since the thickness of the padel rackets varies, the axes do not always coincide.

e  The trifilar vertical pendulum achieves worse results than the horizontal pendulum.
However, it allows calculating the MOI when the pendulum’s axis passes through
the COM of the padel racket, as occurs with the z axis. The trifilar pendulum requires
a more complex and heavier cradle to fix the padel racket, the slight deviations be-
tween the pendulum axis and the distance to the COM influence the result. The initial
manual impulse given to the trifilar pendulum makes it not only oscillate around its
vertical axis, creating an overlapping of harmonic movements with different frequen-
cies that add error to the measurement. The horizontal pendulum is an effortless and
reliable design, but it only can be used when the axis of rotation of the pendulum and
the COM are significantly separated.

4. Experiments and Results
4.1. Correlation between Values

To put the test stand into operation and to test the developed interface, a complete
evaluation of all available padel rackets is realized. A database with 137 different padel
rackets was created. The results are analyzed in this section to find correlations between
the measured values.

For every racket, the mass m, the distance den between handle end and COM (i.e.,
balance distance), and the moments of inertia I, Iy, I: through the COM are measured.
Figure 1 shows the corresponding axes. Table 7 summarizes the data measured.

Table 7. Statistic values of the 137 padel rackets.

Parameter m (g) deom (mm)  Ir (kg cm?) Iy (kg cm?) I: (kg cm?)
Avg 363.07 265.52 190.599 202.027 17.282
Min 316 246 161.405 169.631 14.633
Max 387 283 209.869 224.166 19.812

Results show no wide range values in any parameter because padel rackets have size
requirements to be accepted as good rackets in FIP [7].

The MOI measurement is repeated three times for every racket and orientation, and
the average value is calculated. As expected, a strong correlation between the balance dis-
tance and the MOIs in x and y axes can be found. Figure 15 shows that the further the
balance point is located from the handle end, the higher the inertia in both directions.
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Figure 15. Moments of inertia Ix (a) and Iy (b) and median values as a function of the balance dis-
tance.

Moreover, from the graph form, the correlation can be expressed by the Pearson cor-
relation coefficient, which measures linear correlation and amounts to 0 for no linear cor-
relation and -1 or 1 for a total linear correlation. The result for the coefficient between decon
and Ir is 0.82, and for dewm and Iy is 0.80. In addition, the two considered moments of inertia
correlate strongly with each other. As shown in Figure 15, a padel racket with a high result
for Ix also has a high result for den (balance) and also a high result for Iy (Figure 16). Here
the determination correlation coefficient (R2) amounts to 0.88 and 0.97, removing two out-
siders.
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Figure 16. Moment of inertia Iy as a function of the moment of inertia I».
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These findings can be used to interpret future measurements. When the result of an
experiment with standard rackets differs substantially from the values in the database, it
indicates a measurement error.

Considering the MOI around the z axis, I:, no correlation can be found. As expected,
the location of the COM does not influence the inertia around the z axis. Moreover, neither
the mass nor other axis MOI shows any correlation. The highest correlation coefficient
amounts to only 0.41 between I, and L.

4.2. Maneuverability Parameter

The maneuverability of a padel racket can be defined as the ability to be moved with
more or less difficulty (the feeling of heaviness or lightness of a racket moving). Maneu-
verability is one of the most important aspects for a beginner or intermediate player and,
generally, for players with limited muscle strength. As described in the introduction sec-
tion, maneuverability depends on the racket’s weight, the COM’s location, and the weight
distribution. Those characteristics are represented by the moments of inertia. The higher
the MOJ, the lower the maneuverability because the user will have to generate higher
torques to produce the same acceleration.

The main intention of the experiments is to determine the mechanical properties of
every padel racket and determine a specific parameter of the padel rackets that is easily
understandable for the players and the manufacturers as well as valuable to compare dif-
ferent padel rackets. Since the specification of too many values overwhelms the customer
without helping to find a suitable racket, the specification should be minimal and without
redundant information. For example, the actual values of the MOlIs are not easy to under-
stand, as there are three possible values for x, y, and z axes. In addition, the units used (kg
cm?) are not comfortable outside of technical language.

We propose a normalization of the MOIs from a reference padel racket to make the
parameters comparable. We chose the racket with the lower distance to the average of
each MO as a reference. Therefore, a normalized MOI with a value of “1” means a ma-
neuverability response similar to the pattern. Values larger than “1” mean less maneuver-
ability, and under “1” mean more maneuverability. Each one of the normalized MOIs
represents the maneuverability related to its axis. Therefore, we propose the average of
the normalized MOIs for each axis to have a global maneuverability performance index

(L)
1 I 1
. ity i (22)
b =
3
where I, I, and I: are the MOlIs of the racket on each axis and Iz, Iyz, and Lk are the MOIs

of the reference racket on each axis.
Figure 17 shows the results obtained for the studied padel rackets.
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Figure 17. Results for the maneuverability parameter for the 137 padel rackets studied.

Rackets are grouped with each 10% index increment, which means that it takes 10%
more effort (10% higher torque) for the player to generate the same acceleration with a
racket belonging from one group to the next. With the proposed index, all the rackets in
this study can be grouped into three categories. Most rackets belong to the central cate-
gory, as expected, because manufacturers try to design rackets that can be used for most
padel player levels. Higher maneuverability involves less racket weight, which is a good
feature for executing control strokes (low-speed strokes). Nevertheless, power strokes are
easily executed with higher racket weights (lower maneuverability). Therefore, rackets
with medium maneuverability are selected to have both control and power characteristics
in the racket.

5. Study with Padel Users

One of the goals of this work and the Testea Padel Laboratory at Universitat Politec-
nica de Valencia is to provide comparable and comprehensible parameters of the tested
padel rackets for players and manufacturers. In this section, padel players looking for a
racket to buy are asked to estimate the maneuverability of some selected padel rackets.
The results are then compared to the calculated values of the maneuverability index in
Section 4 to assess if the index is aligned with the user sensations.

5.1. The Procedure of the Study

The users must order three padel rackets according to their maneuverability (high,
medium, and low). They are told to rotate the rackets around every axis and then move
the racket freely to feel which one seems to be easy to move. Rackets with indexes 0.90,
1.02, and 1.12 were selected to facilitate the classification.

5.2. Results of the Study
The study involved 50 users. Table 8 and Figure 18 show the results of the test.

Table 8. Results of the test with users. Each value represents the percentage of users classifying the
racket in the category.

Padel Racket Index High Medium Low
0.90 91% 9% 0%
1.02 9% 59% 32%

1.12 0 32% 68%
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Figure 18. Results of the test with users.

The results show that most users detect the padel rackets with the highest and lowest
maneuverability index. Data also show that medium and low maneuverability rackets are
more challenging to classify. Nevertheless, most users feel less maneuverable rackets with
higher index values.

Although this study lacks more testing with more samples, the results suggest that
the maneuverability index ranges correspond with the impression of the players.

6. Conclusions and Future Work

This work shows the complete development of a test stand to determine the moments
of inertia of padel rackets around different axes. The rackets are mounted to oscillate freely
like a pendulum to calculate the inertia. The moment of inertia is calculated by determin-
ing the time of one oscillation as well as the racket’s weight and balance point.

Two different designs for mounting the rackets are developed to enable horizontal
(axes x and y, Figure 1) and vertical (axis z, Figure 1) oscillation. The cycle time of oscilla-
tions is measured with an accelerometer, and its signal is processed with the fast Fourier
transformation. The cycle time can be calculated by searching for the dominant frequency
in the signal. Software with a graphical user interface is programmed to perform the ex-
periments efficiently. The sensor data are acquired, visualized, and processed directly in
the application, and the calculated results are stored in a database.

After the set-up of the test stand, the results are verified, and the accuracy is esti-
mated. Their moment of inertia can be calculated easily with basic Equations (8) and (14).
Comparing the values yields an accuracy error between 0.49% for the horizontal test stand
and 0.99% for the vertical test stand. The measurement errors are in line with the error
propagation calculated. The result is a maximum deviation of 1.71% for the worst case.
Moreover, the repeatability is determined by evaluating the same racket several times to
show that the results are stable and do not differ between experiments with the same
padel racket. The relative standard deviation between the references’ results amounts be-
tween 0.215 to 0.303%.

The vertical trifilar pendulum has less accuracy and repeatability than the horizontal
pendulum, and this could be because, in the vertical pendulum, oscillations are not only
vertical. Other oscillations, belonging to their secondary natural oscillation modes, are
added to the vertical one. The calculated values of the periods have a higher relative stand-
ard deviation (1.08 ms vs. 1.21 ms) despite the vertical period average being two times less
than the horizontal pendulum.

Finally, 137 different padel rackets are evaluated with the test stand to create a data-
base and analyze the results. As expected, the MOlIs in x and y axes correlate strongly with
the distance between the rotation axis and the center of mass.
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In addition, a maneuverability index to classify the rackets is proposed. This index
can be used to compare rackets from different brands and provide comprehensible infor-
mation to the user to help him choose a padel racket. Experiments with padel users
showed that their racket evaluation aligns with the test stand results and the classification
proposal. The lower moment of inertia around the three axes the rackets have, the better
feels the maneuverability for the players. Future work could explore the generation of a
software tool to help users choose a racket depending on their preferences. Maneuvera-
bility and other aspects such as price, materials, design, or shape should also be included.

Since the work is part of the padel racket evaluation of the Testea Padel Laboratory
at Universitat Politecnica de Valéncia, the test stand will be used for further racket testing
in the future. Then, it will be possible to add improvements or new features to the interface
in case issues or new ideas arise during usage. Further studies with expert players can be
conducted to learn more about how the different parameters influence the playing expe-
rience and how manufacturers can specify them efficiently to help players find the most
suitable racket without overwhelming them with numbers. With the current solution and
design, there is no easy way to increase the accuracy further. If more accuracy is required,
another test stand with one of the other approaches can be developed to compare the pre-
cision of the results.

Author Contributions: Conceptualization, C.B. and A.C.; methodology, M.M. and P.B.; software,
A.C. and P.B.; validation, C.B. and M.M.; formal analysis, C.B.; investigation, C.B., A.C., P.B. and
M.M.; resources, M.M.; data curation, P.B. and A.C.; writing—original draft preparation, C.B.; writ-
ing—review and editing, C.B. and A.C,; visualization, P.B., C.B. and A.C.; supervision, M.M. and
C.B.; project administration, M.M.; funding acquisition, M.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research has been partially funded by Sport Thinkers S.L., Ontinyent, Spain.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Acknowledgments: The authors are grateful for the support received from Testea Padel Laboratory
and Sport Thinkers S.L. and to Lucas Schiitz for his contribution to developing the first prototype.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Courel-Ibéafiez, J.; Herrera-Galvez, J.J. Fitness Testing in Padel: Performance Differences According to Players’ Competitive
Level. Sci. Sports 2020, 35, e11-e19. https://doi.org/10.1016/].SCISPO.2019.05.009.

2. Harding, N. Anyone for a Game of Padel? Meet the Tennis-like Sport Even Andy Murray Can’t Resist. Available online:
https://www.telegraph.co.uk/health-fitness/body/anyone-game-padel-meet-tennis-like-sport-even-andy-murray-cant/ (ac-
cessed on 13 September 2022).

3. Kelly, G. Padel Power: Will the World’s Fastest-Growing Sport Take off in the UK? Available online: https://www.tele-
graph.co.uk/health-fitness/body/padel-power-will-the-worlds-fastest-growing-sport-take-off-in-th/ (accessed on 13 September
2022).

4. International Padel Federation. 2022 Padel Federations. Available online: https://www.padelfip.com/es/federations/ (accessed
on 14 September 2022).

5. Escudero-Tena, A.; Sanchez-Alcaraz, B.J.; Garcia-Rubio, J.; Ibafiez, S.J. Analysis of Game Performance Indicators during 2015-
2019 World Padel Tour Seasons and Their Influence on Match Outcome. Int. J. Environ. Res. Public Health 2021, 18, 4904.
https://doi.org/10.3390/ijerph18094904.

6. Huera-Huarte, F.J. Some Observations on the Flow Physics of Paddle Racquets. Proc. Inst. Mech. Eng. Part P J. Sport. Eng. Technol.
2014, 228, 40-48. https://doi.org/10.1177/1754337113499324.

7.  International Padel Federation. Regulations of the Padel Game. Available online: https://www.padelfip.com/wp-content/up-
loads/2021/05/2-game-regulations.pdf (accessed on 14 September 2022).

8.  Grant, R.A,; Taraborrelli, L.; Allen, T. Morphometrics for Sports Mechanics: Showcasing Tennis Racket Shape Diversity. PLoS
ONE 2022, 17, €0263120. https://doi.org/10.1371/journal.pone.0263120.

9. Garcia-Giménez, A.; Pradas de la Fuente, F.; Castellar Otin, C.; Carrasco Paez, L. Performance Qutcome Measures in Padel: A

Scoping Review. Int. J. Environ. Res. Public Health 2022, 19, 4395. https://doi.org/10.3390/ijerph19074395.



Sensors 2022, 22, 9266 22 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

Richter, F. Padel: The Biggest Sport You've Never Heard of. Available online: https://www.statista.com/chart/18041/growth-of-
padel-around-the-world/ (accessed on 13 September 2022).

Taraborrelli, L.; Choppin, S.; Haake, S.; Mohr, S.; Allen, T. Effect of Materials and Design on the Bending Stiffness of Tennis
Rackets. Eur. ]. Phys. 2021, 42, 065005. https://doi.org/10.1088/1361-6404/ac1146.

Moli Diaz, A.A.; Lépez Taboada, C.; Castillo Lopez, G.; Garcia Sanchez, F. Experimental Numerical Correlation of a Padel Racket
Subject to Impact; Editorial Club Universitario: Alicante, Spain, 2019.

Chen, C.-H,; Fan, C.-K,; Hong, T.-P. Construction of an Intelligent Tennis Coach Based on Kinect and a Sensor-Based Tennis
Racket. In Proceedings of the 12th Asian Conference on Intelligent Information and Database Systems (ACIIDS), Phuket, Thai-
land, 23-26 March 2020; pp. 536-544.

Yanan, P.; Jilong, Y.; Heng, Z. Using Artificial Intelligence to Achieve Auxiliary Training of Table Tennis Based on Inertial
Perception Data. Sensors 2021, 21, 6685. https://doi.org/10.3390/s21196685.

Wang, Y.; Chen, M.; Wang, X.; Chan, RH.M,; Li, W.J. IoT for Next-Generation Racket Sports Training. IEEE Internet Things ].
2018, 5, 4558-4566. https://doi.org/10.1109/JI0T.2018.2837347.

Cross, R.; Nathan, M.A. Performance versus Moment of Inertia of Sporting Implements. Sport. Technol. 2009, 2, 7-15.
https://doi.org/10.1002/jst.88.

Schorah, D.; Choppin, S.; James, D. Effects of Moment of Inertia on Restricted Motion Swing Speed. Sport. Biomech. 2015, 14,
157-167. https://doi.org/10.1080/14763141.2015.1027949.

Cross, R. A Double Pendulum Model of Tennis Strokes. Cit. Am. |. Phys. 2011, 79, 330. https://doi.org/10.1119/1.3556712.
Turner, J.; Forrester, S.E.; Mears, A.C.; Roberts, ].R. Reliability of Repeat Golf Club Testing Sessions with Modified Club Moment
of Inertia. Sport. Eng. 2020, 23, 8. https://doi.org/10.1007/s12283-020-0320-7.

Curtis, D.; Heller, B.; Senior, T. Methods for Estimating Moment of Inertia of Cricket Bats. Sport. Eng. 2021, 24, 11.
https://doi.org/10.1007/s12283-021-00349-y.

Allen, T.; Taraborrelli, L.; Grant, R.; Sullivan, M.; Choppin, S.; Spurr, J.; Haake, S. Recommendations for Estimating the Moments
of Inertia of a Tennis Racket. Sport. Eng. 2019, 22, 11. https://doi.org/10.1007/s12283-019-0303-8.

Brody, H. Physics of the Tennis Racket. Am. |. Phys. 1979, 47, 482-487. https://doi.org/10.1119/1.11787.

Brody, H. The Moment of Inertia of a Tennis Racket. Phys. Teach. 1985, 23, 213-216. https://doi.org/10.1119/1.2341781.
Rogowski, I.; Creveaux, T.; Cheze, L.; Macé, P.; Dumas, R. Effects of the Racket Polar Moment of Inertia on Dominant Upper
Limb Joint Moments during Tennis Serve. PLoS ONE 2014, 9, e104785. https://doi.org/10.1371/JOURNAL.PONE.0104785.
Connor, T.A,; Stewart, M.; Burek, R.; Gilchrist, M.D. Influence of Headform Mass and Inertia on the Response to Oblique Im-
pacts. Int. J. Crashworthiness 2019, 24, 677-698. https://doi.org/10.1080/13588265.2018.1525859.

Allen, T.; Grant, R.; Sullivan, M.; Taraborrelli, L.; Choppin, S.; Spurr, J.; Haake, S. Recommendations for Measuring Tennis
Racket Parameters. Proceedings 2018, 2, 263. https://doi.org/10.3390/proceedings2060263.

Spurr, J.; Goodwill, S.; Kelley, J.; Haake, S. Measuring the Inertial Properties of a Tennis Racket. Procedia Eng. 2014, 72, 569-574.
https://doi.org/10.1016/].PROENG.2014.06.098.

Wang, S.Y.; Huang, C. Effects of Using Different Moment of Inertia of Racket on Tennis Serve. In Proceedings of the 19 Interna-
tional Symposium on Biomechanics in Sport, San Francisco, USA, 2001, 39—42. https://doi.org/10.13140/2.1.1269.6328.

Mitchell, S.R.; Jones, R.; King, M. Head Speed vs. Racket Inertia in the Tennis Serve. Sport. Eng. 2000, 3, 99-110.
https://doi.org/10.1046/j.1460-2687.2000.00051.x.

Hou, Z.-C; Lu, Y.; Lao, Y,; Liu, D. A New Trifilar Pendulum Approach to Identify All Inertia Parameters of a Rigid Body or
Assembly. Mech. Mach. Theory 2009, 44, 1270-1280. https://doi.org/10.1016/] MECHMACHTHEORY.2008.07.004.

du Bois, J.L.; Lieven, N.A.J.; Adhikari, S. Error Analysis in Trifilar Inertia Measurements. Exp. Mech. 2009, 49, 533-540.
https://doi.org/10.1007/s11340-008-9142-4.

Korr, A.L.; Hyer, P. A Trifilar Pendulum for the Determination Moments of Inertia; Pitman-Dunn Research Labs: Philadelphia, PA,
USA, 1962.

Andriulli, J.B. A Simple Rotational Pendulum Method to Measure the Radii of Gyration or Mass Moments of Inertia of a Rotor and Other
Assemblies; Oak Ridge National Laboratory: Oak Ridge, TN, USA, 1997.

Dowling, J.J.; Durkin, J.L.; Andrews, D.M. The Uncertainty of the Pendulum Method for the Determination of the Moment of
Inertia. Med. Eng. Phys. 2006, 28, 837-841. https://doi.org/10.1016/]. MEDENGPHY.2005.11.007.

Tang, L.; Shangguan, W.-B. An Improved Pendulum Method for the Determination of the Center of Gravity and Inertia Tensor
for Irregular-Shaped Bodies. Measurement 2011, 44, 1849-1859. https://doi.org/10.1016/]. MEASUREMENT.2011.09.004.

Raven, G. Prince Precision Tuning Center—Tennis Industry. Available online: http://www.tennisindustrymag.com/arti-
cles/2006/04/prince_precision_tuning_center.html (accessed on 13 September 2022).

Devices, A. Accelerometer AD22293. Available online: www.analog.com (accessed on 17 November 2022).

USB-6008 Specifications—NI. Available online: https://www.ni.com/docs/en-US/bundle/usb-6008-specs/page/specs.html (ac-
cessed on 17 November 2022).

Pal, D.; Gaberson, H.A. Surmounting the Inherent Errors in the Trifilar Pendulum Measurement of Moment of Inertia. J. Acoust.
Soc. Am. 1973, 54, 292. https://doi.org/10.1121/1.1978066.



	1. Introduction
	2. Measurement Process
	2.1. Preliminary Measurements
	2.2. MOI Calculation Methods
	2.3. Comparison of the Approaches
	2.4. Test Stand Design and Implementation
	2.5. Sensor Data Processing
	2.6. Interface Design Software

	3. Calibration, Testing, and Error Estimation
	3.1. Propagation of Error and Repeatability for Horizontal Rotation
	3.2. Propagation of Error and Repeatability for Vertical Rotation
	3.3. Summary on Error Estimation and Considerations

	4. Experiments and Results
	4.1. Correlation between Values
	4.2. Maneuverability Parameter

	5. Study with Padel Users
	5.1. The Procedure of the Study
	5.2. Results of the Study

	6. Conclusions and Future Work
	References

