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Abstract: Modern tennis sport is characterized by constant change in several
directions. The most significant of these changes are connected to the design of tennis rackets.
The composite material of the rocket’s frame is continuously improved. It is also working
hard on improving the tennis strings. Tennis balls are also being modified. All these
innovations lead to a change in the shot technique of the athletes. Modern tennis players use
a variety of strokes. From the physical point of view, these blows can be classified into eight
main groups depending on the way the racket interacts with the tennis ball. These are the
strokes with top, bottom, side, top-side, and bottom-side rotation, as well as strokes without
rotation. These eight interactions lead to main types of trajectories at the same initial position
and the same initial linear velocity. The main purpose of the work is to study the two most
important strokes in professional tennis: forehand with upper rotation and backhand with
lower rotation. The calculations and graphical images are performed with the MatLab
mathematical package. The conclusions are important not only for specialists in the field of
Theoretical and Applied Mechanics, but they would also be useful for sports specialists,
coaches, and tennis players.

INTRODUCTION

In recent years, there has been a significant increase in studies related to the motion of
a variety of sports balls in a real fluid environment. For example, modern researches on tennis
ball aerodynamics can be seen in the works [1-7].

It is known that all strokes in tennis sports are determined not only by the initial linear
velocity, but also by the initial angular velocity that tennis players transmit to the tennis ball
through their racquets, [8-10]. The effect of spin using experimental and computational
methods is studied in the work [11], where the computer simulation results are compared with
experimental findings.

The correct determination of the drag and lift coefficient significantly affects accurately
calculating the trajectory of the tennis balls. The studies of spinning and non-spinning tennis
ball aerodynamics, as well as the determining of the drag and lift coefficients, are made in the
publications [12-15].
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The measurements of drag and lift for new tennis balls in flight are presented in the
study [16]. Two video cameras are used to measure the velocity and flight height of the balls.
They are fired from a ball launcher at a velocity between 15 and 30 m/s and with topspin or
backspin at rates up to 2000 rpm. The authors measured an average drag coefficient
0.507£0.024, independent of ball speed or spin, and this value is lower than the value
usually observed in wind tunnel experiments.

An in-depth study of the influence of drag and lift coefficients on the trajectories of
tennis balls is performed in the work [17].

A three-dimensional study of tennis ball flight is done in the article [18], where a
classical analytical formula is used for the lift coefficient.

From the point of view of Kinetics, all tennis strokes can be classified into eight main
groups depending on how the tennis racquet interacts with the tennis ball. These are the
strokes with top, bottom, side, topside, and bottom-side rotation, as well as strokes without
rotation. These eight interactions lead to eight characteristic types of trajectories at the same
initial position and the same initial velocities.

The main purpose of this work is to study the two most important strokes in
professional tennis, namely, forehand with upper rotation (topspin forehand) and backhand
with lower rotation (backhand slice).

DYNAMICAL MODEL

The tennis ball is a round, hollow, several-layered sphere with a certain average
thickness. The ball is an elastic body with strong damping characteristics. The air inside the
competition balls is under pressure higher than atmospheric pressure. A fluffy woolen knit is
glued on the rubber surface of the ball (Fig.1 and Fig.2).

z z,
z, =G
¢ (1)

X =x,
y@ x, g

Fig.1 Generalized coordinates. Fig.2 Aerodynamic forces.

The ball is assumed to be a perfectly rigid hollow closed two-layer spherical shell. The
rubber wall is defined by an inner radius » = 0.026 m and an outer radius R, = 0.030 m.

Wool knit gives the total size of the ball with a radius R = 0.0325 m .
The main physical characteristics of the tennis ball are: the mass of the tire
m, = 0.045 kg , the mass of the knit m, = 0.012 kg, the total mass m =m, +m,, and the

mass moment of inertia J = 3.155x10 ~ kg.m".
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The flight of a tennis ball is represented as a general motion of a hollow spherical rigid
body in an air environment, the influence of which is taken into account by means of
aerodynamic forces.

DIFFERENTIAL EQUATIONS
To determine the law of motion of the tennis ball, namely, x(¢), y(¢), z(¢), v(¢),

0(z) and @(?), it is necessary to integrate the following system of differential equations:
(1) mi=F, +F, _,

(2) m.y=Fy, +Fy,,,

(3) mi=F, +F, . -G+W_,

(4) oy —(Jy=J,)0,0,=M,,,
(5) Jybo, (I, T, )o,0,=M,,,
(6) J,. 0, =(Jy=Jy)0p0,=M,..

In equations (4), (5) and (6), J,=J,=J,=J [kg.m’] is the mass moment of
inertia of the tennis ball.
The components of the angular velocity satisfy the following kinematic equations:
(7) O, =y + ¢.sin0,
(8) O, =0.cosy — ¢.cosO.siny,
9) ®, = ¢.cosB.cosy + O.siny .

They are structured using the Cardan angles.

AERODYNAMIC FORCES
eForce of weight.
(10) G=m.g =0.057x9.81~0.56 N .

eLift force, according to Archimedes Law.
It is determined by the formula:

(11) W, =4/3.1.R’.p,.g=4/3.1x0.0325>x1.205x9.81 ~ 0.0017 N .

It is obvious this force can be ignored.
¢ Drag force.
It is in the opposite direction of the velocity v and is determined by the formula:

(12) F,=-1/2.C,.p,. Av.v,
(13) v=(i y z),
(14) vea Xttt
For this study, the air density is taken as an average value of p, =1.205 kg/m”’ ata

temperature of 7=20°C .
The area of the middle cross-section of the tennis ball has the following value:
(15) A=mn.R?>=mnx0.0325" ~0.00332 m".
The drag coefficient C,, is considered to be a turbulent flow regime. When the tennis

balls are flying at medium velocities, the coefficient C,, retains a relatively constant value for

a wide range of Reynolds numbers, namely, 5x10* <R, <7.5x10* m?*/s, [12-16].
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eMagnus force. It is determined by the formula:

(16) F, =1/2.C,p, Av?. 2V
|Q.V|
0 -, o,
(17) Q=| o, 0 —-oy]
-0, O, 0

The lift coefficient C, of the Magnus force, for the same turbulent flow regime,

depends not only on the Reynolds number but also on the spin parameter, namely:

(18) §=OR
A%

When the spin parameter S increases, then the value of the lift coefficient C, also

increases. This phenomenon is described in the works [13-17].
¢ Drag aerodynamic moment. It is determined by the formula:

(19) M, =-12.C,.p, Av>. 2,
o]

T
(20) c0=<03X ®, 0)Z> .
The coefficient C,, depends on the Reynolds number, the spin rate S, and the
condition of the uniform felt fabric of the tennis ball. It has been adopted C,, = 0.01.

NUMERICAL SOLUTION

For the numerical solution of the system of differential equations (1)-(6) in the time
area, the program using MatLab is prepared.

The laws of motion, velocities, and accelerations of all generalized coordinates are
obtained, as well as the laws of velocity and acceleration of the tennis ball mass center: x(¢),

y(®), 20, v@), v, 80), 01), x(O)=v,, yO)=v,, z()=v_, ¥(@), 6@), §(@),

i(=a,, jy()=a,, 2@)=a,, (), 0() and §(1).

The laws of angular velocity and angular acceleration of the tennis ball are obtained,
namely, o (1), ® (1), ©.(), ¢ (D=0 (), e, (H)=0 () and e (1) =v_(7).

Finally, the projections of the trajectory of the tennis ball mass center on the three
coordinate planes, Oxz, Oyz and Oxy, are obtained.

A computer simulation of two main strokes, forehand and backhand, is realized. The
initial conditions and some parameters of the study are listed in the following two tables.

Forehand Vo [m/s] o | wo[rad/s] | zo[m] S Cp CL
First stroke 33.333 6° 314.159 1.00 | 0.306 0.55 0.184
Second stroke 30.556 6° 261.799 1.00 | 0.278 0.53 0.167
Third stroke 27.778 6° 209.440 1.00 | 0.245 0.51 0.147

Backhand Vo [m/s] o | ®orad/s] | zo[m] S Co CL
Fourth stroke 33.333 3° | -209.440 | 1.00 | 0.204 | 0.55 | 0.122

Fifth stroke 30.556 3° | -261.799 | 1.00 | 0.278 0.53 | 0.167

Sixth stroke 27.778 3° | -314.159 | 1.00 | 0.368 0.51 0.221
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Fig. 3 Forehand, topspin stroke, v, =120 km/h, 3000 rpm, a.=6".
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Fig. 4 Forehand, topspin stroke, v, =110 km/h, 2500 rpm , a. =6 0,
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Fig. 5 Forehand, topspin stroke, v, =100 km/h , 2000 rpm, oo =6°.

Figure 3 shows the projection of the trajectory in Oxz plane of topspin forehand
stroke. The horizontal length of the flightis L =18.017 m.

Figure 4 shows the projection of the trajectory in Oxz plane of topspin forehand
stroke. The horizontal length of the flightis L =17.149 m.

Figure 4 shows the projection of the trajectory in Oxz plane of topspin forehand
stroke. The horizontal length of the flightis L =16.148 m .
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Fig. 6 Backhand, backspin stroke, v, =120 km/h, — 2000 rpm , a. =3 0.
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Fig. 7 Backhand, backspin stroke, v, =110 km/h, — 2500 rpm, a. =3 0,
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Fig. 8 Backhand, backspin stroke, v, =100 km/h, — 3000 rpm, a.=3°.

Figure 6 shows the projection of the trajectory in Oxz plane of backspin backhand
stroke (backhand slice). The horizontal length of the flight is L =22.170 m .

Figure 7 shows the projection of the trajectory in Oxz plane of backspin backhand
stroke (backhand slice). The horizontal length of the flight is L = 22.206 m.

Figure 8 shows the projection of the trajectory in Oxz plane of backspin backhand
stroke (backhand slice). The horizontal length of the flight is L =21.785 m .

All trajectories, shown in Figures 3-8, are determined by the Magnus force.
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The first three trajectories (Figures 3, 4, and 5) refer to the topspin forehands (strokes
with upper rotation). At these shots, the Magnus force is directed downward. These
trajectories are more convex, reach a greater height, their initial angle is greater (in this case
6"), and horizontal lengths of their trajectories are about 16 up to 18 meters. If these strokes
are performed from the bottom of the court, these strokes cannot go beyond the outline, which
is located at a length of 23.77 m . Tennis balls pass at a great height above the tennis net,

which has a height of 0.914 m up to 1.045 m. These strokes are very safe. That is why these

strokes are preferred for an attack by professional tennis players.

The second three trajectories (Figures 6, 7, and 8) refer to backspin backhand (strokes
with lower rotation). At these shots, the Magnus force is directed upwards. These trajectories
are more sloping, reach a lower height, their initial angle is smaller (in this case 3°), and the
horizontal lengths of their trajectories are about 21 up to 22 meters. If these strokes are
performed from the bottom of the court, these shots can be much easier to get out the field.
Tennis balls pass at a very close distance over the tennis net. These strokes are more risky and
insecure. They are defensive, but they are also used by professional tennis players.

CONCLUSION

The trajectories of the two most important tennis strokes are studied: three topspin
forehand strokes and three backspin backhand strokes. The first and fourth strokes, the second
and fifth strokes, and finally, the third and sixth strokes have the same initial linear velocity,
but different initial angular velocities and different initial angles towards the horizon. The
main differences, advantages and disadvantages of the two types of strokes are described. The
study is useful for a wide range of specialists in the area of Mechanics and the Theory of
tennis sport.
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PEIIYBIIUKA BBJITAPUHA

Kntwouoeu oymu: mpaexmopuu, menuc monka, yoapu ¢ pomayus, egpexm na Maznyc,
yucneno pewenue, MatLab

Peztome: CvepemeHnuam meHuc Ha Kopm ce XapaKmepusupa ¢ NOCMOSIHHO U3MeHeHUe
6 HaAKoaKo Hanpaenenus. Hail-coujecmeenomo om maAx ce OmMHACA 00 USMEHEHUs 6
KOHCMPYKYUAMA HA pakemume 3a MeHuc. YCvb8bpuieHcmea ce KOMNOIUMHUSAM Mamepuar,
om Koumo ce uspabomea pamkama Ha pakemama u Kopoadica. Tonkume 3a meHuc cbujo ce
Moouuyupam. Bcuuko moea 600u 00 nNpoMAHA HA MeXHUKama Ha yoapume Ha
cvemesamenume. CveépemenHume MEHUCUCMU U3NOA36aM  Hau-paziuunu yoapu. Te ce
Xapakmepusupam ¢ pasiudHu HA4aaHU TUHEUHU U b2l08U CKOPOCMU, KAKMO U C PA3IUYHU
HauanHu venu cnpamo xopusonma. Ocnoenama yen na pabomama e 0a ce uscieoéam 0eama
Hall-8AJICHU y0apa 8 MmeHuca: (opxeHo ¢ 20pHa pomayusi U OeKxeHo ¢ O0O0JIHA POMAayusl.
H3uucnenuama u epaguunume uz00paxiceHusi ce npogexcoam ¢ MamemamuiecKus nakem
MatLab. Hanpagsenume u3600u u 3aKulo4eHUsi €A 8AXCHU He CAMO 34 Cheyuamucmume 8
obnacmma na Teopemuunama u Ilpunodxcna mexamuxa, Ho u Ouxa Oulu none3HU 3a
CRnOpmMHUMe CReyuanucmu, mpenbopu U MmeHUCUC.
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