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Abstract: In this paper, we predict the drop position of the tennis ball at a given speed and a given angle using the MATLAB and

propose the optimal values for swing speed and swing angle in order to send the ball from the center point of one end of the court to

another end point of the court. And, a sensor including 3-axes acceleration and gyro, which is attached on the central surface of the

racket frame, is used to obtain data. By analyzing the data generated during the swing, the swing type: stroke and volley, and the swing

direction: forehand and backhand are classified. Additionally, by analyzing the swing data difference of 3 kinds of grips, we could

distinguish interesting characteristics such as swing angle.

Keywords: Tennis stroke, Trajectory, Accelerometer, Ball, Angle

1. Introduction

Recent It’s essential for healthy life to have the harmony between
mental and physical elements. Tennis is one of sports that fit well
with these aspects because it requires not only instantaneous agility
to hit a ball but also communication and cooperation with fellow
players. One of the most effective ways to improve tennis skills is to
observe and imitate famous players. In order to learn the serve mo-
tion, beginners often observe and practice the serving techniques of
professional athletes. However, such imitation is based on visual ob-
servation of the athlete’s movements, and compared to direct and de-
tailed feedback from a coach, it tends to take considerable time to
achieve the desired level of perfection. Therefore, it has been sug-
gested that recording professional players’ movements and providing
them with real-time performance feedback can improve training ef-
ficiency [1].

By analyzing match videos using computer vision, various sta-
tistics about the player can be obtained [2]. These statistics can
be applied to improve a player’s performance. By using stored
data, it has been shown to virtually simulate a player’s match in
real time, so it is possible to enhance their performance.

By using an accelerometer, energy consumption data for dif-
ferent body parts of professional and non-professional players
were analyzed [3]. Professional athletes generally consumed

more energy in the ankle area. Non-professional athletes

consumed less energy in the waist area, indicating that they have
not yet fully mastered the correct tennis posture.

In this paper, we apply the acceleration and gyro sensor to ten-
nis. Sensor is attached to the racket to obtain the data about the
racket's movement for 3-axes during the swing and these data are
analyzed. Because classification of a tennis swing is categorized
by a hand movement, analyzed results can be used to defined the
swing motion, angle and velocity of the swing. Tennis motion is
categorized into forehand and backhand, and stroke and volley.
The travel distance and speed of the ball are predicted by calcu-
lating the speed and angle, and compared with the results on the
actual court. The swing position with other people was compared
by analyzing the acceleration result and the rotation result ob-
tained through the sensor. In addition, MATLAB, which is one
of the most widely used programs for easy data analysis, visual-
ization and modeling, predicted the drop position of the tennis
ball at a given speed and angle. As a result, we develop a system
to improve your skills even if player practice alone without going

to the tennis court in this study.

2. Methods
2.1 Mathematical Analysis
The MATLAB program is used to visualize the trajectory of
the ball, and the projectile motion of the ball is analyzed by the
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following equation: Table 1: Acceleration and gyro sensor specifications
Specification Value
y(x) = tanf - x — 2‘/25;29,(2 (1) Model SDM-GX-25
0 cos Power consumption [mW] 500
Operating temerature range -40 to 85
2Vysind [°C]
T==—"— 2
g @ Size [mm] 36 x36.6 x 11.1
Weight [g] 16.5
R= V¢sin26 3) Allignment error [°] + 0.05 (Accelerometer)

+ 0.08 (Gyroscope)
0.02 mg (Accelerometer)
<0.003 °/sec (Gyroscope)

g

Resolution

Where y(x) is the projectile equation, y and x is the vertical
and horizontal moving distance of the ball, respectively. T is the 3. Results and Discussion
staying time of the ball in the air, and R is the horizontal moving )

. . . . 3.1. MATLAB Analysis
distance, respectively. The tennis ball which launched at the an-
gle of 0 and velocity of Vo shows uniform velocity motion in hor- (a) 6=35°
izontal direction. In vertical direction, it receives only gravity and P
shows the uniformly accelerated motion, which is the same
movement as the motion of the object that is thrown up vertically.
These results are analyzed in two dimensions without all friction,

including air resistance for simplification of analysis.

2.2 3D Acceleration Sensor Device

An acceleration including gyro sensor (LORD MicroStrain,
3DM-GX5-25) is used to measure acceleration and rotation
changing of racket. This sensor can measure tri-axial acceleration
and a triaxial gyroscope resulting in three dimension and this data,
which is obtained as a vector quantity is used to distinguished
patterns of representative tennis motions. The sensor is attached

and move with racket as shown in Figure 1 and sending out the

data. Acceleration values (ax, ay and az) for the three axes are
measured in vector form and are either positive or negative de-
pending on the direction of motion. Similarly, the rotation is
measured positively or negatively on three axes (roll, pitch, and
yaw). The information around the swing point is used to classify
swing type (stroke and volley) and direction (forehand and back-

hand). The specifications of sensor are listed in Table 1.
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Figure 1: Fixation of the 3D acceleration and gyro sensor on the Position site

tennis racket. The arrows indicate the orientation of the three

axes of the sensor
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(e) launching the ball at § = 45° from one side of the court. When

cm m/s
- r— Rf‘i}hv\flsﬁﬁ the ball is launched from the corner of the court, it can be de-

1)
\T EZ?)& tﬂ;}iﬂ; flected up to & =20° and it will be out of the side line when it is

bent further.

3.2. 3D Acceleration and Gyro Sensor

> (a)s

Acceleration [g]

T 6 -Stowty Quickly:giouy- Quiekly
Time
Figure 2: Trajectories of tennis ball with various velocity in

which shot at an angle of (a) 35°, (b) 45°, and (c) 55°, (d) initial

velocity with position site, (¢) at various heights, (f) at various

angles at left corner of end line

Figure 2 shows the MATLAB result of relationship between
the initial velocity and the launching angle of the tennis ball.

Since the ball is hit at about 60 cm in a real tennis game, the ball’s

initial height in calculation is set to 60 cm. And the ball’s drop

position is analyzed by adjusting the initial velocity for various

launch angle. Figure 2(a-c) shows the moving distance of the

ball with change of initial velocity at # = 35°, 45°, and 55°, re-

spectively. According to Equation (3), the tennis ball moves the
longest distance R = 23.3 m and reach the edge of the end line

and sideline horizontally even though the launching velocity is

Acceleration [g]

slow when the angle is 45° (Figure 2(b)). The minimum velocity

is Vo= 11 m/s to cross the net at the center, and if it is slower than

that, the ball will not cross the net. In this calculation, resistance

components such as tennis and racket repulsion, ball rotation, air ( d)
resistance, and wind were not considered. Figure 2(d) shows the
results when the firing angle is from 15° to 85°. In the case of
=85 °, it can be seen that much more energy is required to pass
the net compared to other angles, and when 6 = 45°, the energy

for reaching the end line is minimal. Figure 2(e) shows the speed

Acceleration [g]

required for the ball to reach the end line according to the initial

height when 6 =45°. At h = 60 cm, the most common height, the

required velocity Vo= 15.1 m/s, and at other heights the required

velocity was larger or smaller but no significant difference. Fig- Figure 3: Accelerometer value of the 3-axes (a) forehand stroke

ure 2(f) shows the maximum left and right angles to turn when (b) backhand stroke, (c) forehand volley, and (d) backhand volley
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Figure 3 shows the measured accelerometer values for the 3-
axes (X-axis, Y-axis, and Z-axis) when the player performs
swing motion with this sensor. The height difference and direc-
tion of the pick depends on the speed and direction of the swing.
These waveforms can be divided into a ready stage, backswing
stage, a swing stage, and recovery stage. By analyzing the height
and direction of the graph, swing speed, the forehand or back-
hand, and stroke or volley can be analyzed. Each graph in Figure
3, the picks show repeatedly low and high because of slow and
fast of swing speed. Firstly, the swing speed can be calculated by
analyzing the acceleration difference at the hitting point. In Fig-
ure 3(a), Zsr2 and Zs 3 of a.are the points that swing starts and
ends, respectively. If the acceleration difference between these
two points are also obtained in ax and ay, the acceleration for the

3-axes can be calculated by using the following equation

A= /a,zc+a32,+a§ )

The swing speed can be obtained by multiplying this acceleration
value and the time gap between Zsr2 and Zsr3. Secondly, the
forehand and the backhand are distinguished by the accelerome-
ter value of az, due to the evident direction difference in Figure
3 (a) and (b). Before Zsr1 stage, all acceleration value for the 3-
axes maintain constant state. Between Zsrl and Zsp2 stage
means back swing stage and a. value for Z-axis change to nega-
tive direction. Finally, . value reach minimum peak, which
means finishing back swing of forehand stoke. In Zs 21 and Zs r3
stage, a. value significantly move to upward and reach maximum
value. a. value has a positive direction because this stage is for-
ward swing of forehand stroke. The swing speed reaches the
maximum at Zs 3 stage. After then, acceleration decreases and
becomes stable state because of swing finishing after Zsr3. Be-
cause the movement of player stops temporarily after the swing,
all values for the 3-axes are approaching to the ready stage. Fig-
ure 3 (b) shows the backhand stroke, and since the swing direc-
tion is reversed, it can be seen that the direction of the value is
also reversed. As a result, Zs 2 and Zss3 is towards in opposite
direction compared to Zs 2 and Zs 3. Finally, swing types such
as stroke and volley can be categorized by analyzing accelerom-
eter value. Since the swing trajectory, which is up and down
movement, of volley is different from the stroke, Y-axis value
show a distinctive feature compared to other axes. When the ay
value is in the ready stage, it remains stable state and changes in
the positive direction during the backswing (Yvr2). In the for-

ward swing, the value reaches the lowest value (Yvr3), and then
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Figure 4: Stroke characteristics for 3 kinds of grips (Eastern,

Western and Semi-Western grip)

returns to the stable state as the ready stage. In the contrast, Since
the stroke is different in the movement of the racket, the direction
of the value is formed in the opposite direction as in Ysr2 and
Ys,F3.

The way of holding a tennis racket can be divided into three
types: Eastern grip, Western grip, and Semi-Western grip. The
way the racket is held is one of the most important factors in a
tennis game, as it affects racket control, the power of striking the
ball, and the spin of the ball [4][5]. Figure 4 shows the accelera-
tion in the z-axis and the rotation in the x-axis according to the
three grips.

In Figure 4(a), the Eastern grip was swung slowly, the West-
ern grip was swung fast, and the Semi-Western grip was swung
at amedium speed. When observing the acceleration in the z-axis
direction, it can be seen that the peak value of the Western grip
is the highest, followed by the Semi-Western and then the East-

ern grip, in decreasing order. The negative peak value indicates
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that the forehand stroke moves in the direction opposite to the z-
axis.

In Figure 4(b), it can be seen that the Eastern grip is positioned
vertically to the ground, while the Western grip is positioned hor-
izontally. The Semi-Western grip shows an intermediate angle
between the Eastern and Western grips. During the back swing,
the angle relative to the ground decreases, and as the motion pro-
ceeds to the forehand swing, the angle increases. The moment
when the angle reaches the largest negative value indicates that

the finishing motion is being performed.
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Figure 5: (a) Drawing of the three travel distance of the ball.
Acceleration value and rotation degree from the sensor for 3-axes

to (b and c) net line, (d and e) service line, and (f and g) base line

Figure 6: (a)Real and (b)after calculated movement of the sen-

sor in swing

Figure 5 shows the sensor’s results that the ball was hit on the
tennis court. The power of hitting the ball was adjusted differ-
ently so that the ball reached the net line, service line, and base
line as shown in Figure 5(a). This test was conducted that player
tossing and hitting the ball by himself at end of the baseline. The
acceleration sensor always has a gravitational acceleration value,
but this test was conducted by omitting the gravitational acceler-
ation value acting on the sensor using the estimation filter pro-
vided by the sensor software. Figure 5(b and ¢), Figure 5(d and
e), and Figure 5(f and g) show the acceleration value and rotation

degree of the sensor when the ball is hit to fall off net line, service
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line, and base line, respectively. Those results include stay state,
foreswing state, ball impact, follow swing and end stroke. The
backswing state was skipped because it was swung in place as
shown Figure 6. As the swing starts and ends, the acceleration
of the racket tends to increase and decrease in one direction, and
the rapid changing of the graph indicate the moment the ball hits
the racket. The red dash line shows the moment the ball is im-
pacted. Impact starts when the ball hits the racket and ends when
the ball leaves the racket. During the impact, the tennis racket
loses momentum and the acceleration is decreased rapidly in the
moving direction by the ball, and acceleration is recovered its
moving direction from the moment the ball leaves the racket. The
trend of the graph is similar regardless of the distance the ball
travels, but the acceleration value is large because the ball is hit
with a greater force when it drops further. The changing of accel-
eration value in X-axis is the largest, and on the X-axis, an accel-
eration value of 20 m/s2 and 70 m/s2 was measured approxi-
mately when the ball is hit the weakest and strongest. Since the
swing motion is similar regardless of the distance, there is no sig-
nificant difference in the amount of rotation of the sensor. How-
ever, it can be seen that a lot of rotation occurs in the sensor be-
fore and after the ball is hit.

The sensor, which attached to the racket rotates with the swing
of the racket, and the coordinate system of the sensor rotates with
the rotation of the racket as shown in Figure 6(a). The sensor
provides an acceleration value for the coordinate system of the
sensor itself, and it is difficult to determine the amount of accel-
eration change for each axis because the coordinate system
changes in real time when swinging and the acceleration value
for the axis changes. Since the sensor provides an acceleration
value for the coordinate system of the sensor itself, an accelera-
tion value according to the coordinate system changing in real
time is obtained when swinging. For this reason, it is difficult to
determine the amount of acceleration change in absolute coordi-
nate system. The acceleration value in Figure 5 is the result of
the coordinate system changing in real time. Therefore, in order
to grasp a quantity of change in acceleration for each axis in the
absolute coordinate system, the acceleration value was calculated
using Equations (5)-(8). The new acceleration value in absolute
coordinate system as shown in Figure 6(b) were calculated using
the Roll, Pitch, and Yaw value, which is obtained in Figure 5.
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Figure 7: Calculated acceleration value and integrated velocity
of sensor for 3-axes to (a and b) net line, (c and d) service line,

and (e and f) base line

Figure 7 shows the calculated acceleration value from the ro-
tation of the sensor and calculated swing velocity based on the
previous acceleration value. In Figure 7(a, c, and e), it can be
seen that the ball is hit near ti = 0.5 s, and the change in acceler-
ation about the Y-axis shows the largest value because the rota-
tion of the sensor is a calculated result. Here, the Y-axis direction
is the direction of hitting the ball to forward, and the Z-axis is the
direction of hitting the ball to upward. The instantaneous chang-
ing in the acceleration value means the impact moment as in Fig-
ure 5. Figure 7(b, d, and f) shows the calculated velocity for
each axis. The speed was calculated by integrating the accelera-
tion result to compare with the velocity that obtained through
simulation, and Equation (9) was used for integration calcula-
tion. Simpson's rule was used as the integral method, where i =
0,1, 2,..., n-1, n is the number of samples of x, x-1 is the first
element of the initial condition, Xx is the first element of the final
condition. Table 2 shows the calculated speed of each case.

dt i

Vi=[a(®)-dt~ Zt j=0(Xj—1 +4x; + Xj.1) )

Table 2: Calculated velocity of 3 cases

Case Caculated velocity [m/s]
Net line 8.42
Service line 11.12
Base line 15.14

As a result of velocity calculation, the velocity of the swing in-
creased as the ball was sent farther away, and the velocity value
were calculated to 8.42, 11.12, and 15.14 m/s for each case. Com-
pared to the simulation-based speed, the results of the two calcu-
lations were not exactly the same, but showed a similar tendency.
And given that there are several assumption, these results are re-

liable.

4. Conclusion

In this study, we applied the sensor to tennis to classify the type of
swing, calculate the speed and angle, and analyze the ideal angle and
speed of hitting the ball through computer calculation using
MATLAB. The sensor is attached to the racket to analyze the accel-
eration values for each axis to distinguish between forehand, back-
hand, stroke and volley. In addition, the speed and angle of the swing
are calculated using the acceleration values, and the information is
obtained to help analyzing the swing characteristics and taking the
ideal swing. The z-axis acceleration and racket rotation angle accord-
ing to the three types of grips were actually presented, and differ-
ences among the grips were identified. Finally, the distance of the
ball is calculated from the sensor data and compared with the dis-
tance of the ball when it was actually hit. In this study, we tried to
help the beginners to make the ideal swing by analyzing the 3-axes

acceleration and rotation value of the swing through the sensor.
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