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Abstract In this paper, an accelerometer measurement
system comprising three accelerometer nodes was used to
identify the correlation between the skill level and the
characteristics of the first serve swing in tennis. Three MEMS
accelerometers were mounted on the knee, leg, and wrist of the
tennis players. The kinematic model for the first serve was
observed. Furthermore, this study revealed that side-forward
motion of the hand along with the forward motion of the waist
of an athlete can be used as indicator to assess the athlete's
skill level. It is envisaged that this application can provide
feedback to tennis players.

I. INTRODUCTION
The serve is the most important [1, 2] and critical stroke

in tennis. It is well known that fast serves can dominant the
game at elite levels [1]. However, it is the most complex
stroke as there are almost nine contributors between
maximum knee flexion and impact involved [3] to produce
the fast serve. As a result, powerful serves can not be
performed without the correct biomechanical movements of
different segments of the body. Some studies have been done
on the kinematic model [4, 5, 6] as well as the kinetic model
of the serve [7, 8, 9]. All of them are based on videography
and optical monitoring techniques but do not use
accelerometers.

Acceleration sensor technology has been used to analyse
similar kinetic processes for golfer's lateral swing [10] and
Aikido sword cut [11]. Accelerometer technology is getting
more popular as it has some advantages over the previous
method. Using accelerometers eliminates the need that
experiments be carried out solely inside the laboratory to
obtain real-time feedback which means that experiments can
be run in the real environment. Accelerometers are small and
light enough to be placed on any part or segment of the body
without hindering performance. They are also very cheap
compared to the other technologies. Therefore, swing
analysis using accelerometers is becoming an area of
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increasing interest and importance. Within many sports
applications, accelerometers are now used to measure and
classify activity and effort levels. For instance, the key
characteristics ofthe basic swing of Japanese swordsmanship
can be extracted using accelerometers [ 1]. Accelerometers
have also been proven to be capable of detecting the
kinematic chain in golf lateral swing [10]. In that study,
golfers with different levels of proficiency were categorized
once the swing was performed. Using the same technology,
it is possible to study the tennis serve motion.

The purpose of this study is to use accelerometers to
examine the tennis player's serve during the backswing
preparation as well as the forward swing motions. Kinematic
chain pattern and correct angular and translational
movements of the knee, waist and wrist of the player which
are critical to maximize the ball velocity at impact will be
discussed.

II. METHODOLOGY

The accelerometer measurement system which has been
previously described in [12] is improved in a way that it is
equipped with ± 1 Og accelerometer nodes to capture faster
movements. The three channels are also better synchronized
than the previous system described in [12].This system
includes a microprocessor board, Bluetooth connection, on-
board and off-board ADXL202 and ADXL210
accelerometer sensors, and a VB receiving client running
externally. The specification of the system is summarized in
table 1.

Three distinct accelerometer nodes were employed to
capture the kinematic chain during the serve. The position
and coordination of sensors when a player is facing the court
is shown in figure 1. As it is demonstrated in figure 1, the
accelerometer nodes are attached on the knee, waist, and
wrist of the tennis player. Low-g MEMS accelerometers
(ADXL202, + 2g , Analog Devices) were applied on the
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knee and the waist and a middle MEMS accelerometer
(ADXL210, ± lOg , Analog Devices) was attached on the
wrist due to higher acceleration of the racquet-arm
movement than the other nodes.

Four male tennis players with different levels of skill
participated in this research. Two of which were sub-elite
players and the rest were recreational-developmental players.
Each player was allowed to take as much time as needed to
warm up. Once the player was ready, the accelerometer
system was mounted on three different spots (knee, waist,
and wrist) of his body and then he was asked to perform
approximately 10 first serves to ensure that he felt
comfortable with the system and the system was not limiting
his movements. Each player was then asked to serve from
the deuce side and come back to his original position after
each serve. He was then asked to delay for approximately 5
seconds before starting the next serve. This allowed us to
recognize the serve's signals from other movement's signals
and helped the player to focus on his next serve. Two digital
video cameras (30fps) were also recording film to capture
the movement. The accelerometer nodes were synchronized
with the recorded images to determine the kinematic action.
So that specific events could be identified and then a model
developed from the acceleration data.

TABLE I. HARDWARE SPECIFICATION OF THE SENSOR MONITORING
SYSTEM

Feature
Resolution (Accelerometers)
Sampling Rate 70 3 channels
Accelerometer Range
Data Transmission Type
Transmission Range

I Value
10 bits
Up to 500 Hz per channel
±2g,± lOg
Wireless (Bluetooth 1.1)
Up to 250 metre

effects of variations between individual serves were
minimised. The average value was determined from the 10
serves performed by the athlete as part of the experimental
protocol. The standard deviation was also used as an
indicator of repeatability of the service action. The impact
time was determined from the video and the sensor data.

(a) Hand
Hand X-Axis Hand Y-Axis

15

-a 10. la ~10.
8 8

0

lo8

-1 0
Time (sec)

(b) Waist
Weist X-Axis

:3 0.5

a) -0.5
0 i-

-1.5
-1

Hand Z- Axis

8

0jr

4

2

O.

-2

-51 -4
1 -1 0 1 -1 0

Time (sec) lime (sec)

WeistY- Axis Weist Z-Axis

a)b -1
0

-2-
0 1 -1

Time (sec)

(c) Leg
Leg X-Axis

1~

8 8
0 1

8 -0.5 -0

-1
-1 0 1

Time (sec)

a)
7 -1
0

-2
0 1 -1 0

Time (sec)

Leg Y - Axis

Time (sec)

Leg Z - Axis

1

7M0
0

-1
-1 0 1 -1 0

Time (sec) lime (sec)

zt

lPlayer

(a) (b)
Figure 1. (a):Location of sensors on the athlete's body, (b): Acceleration

coordinates when facing the tennis court

III. RESULTS AND DISCUSSION

Average acceleration values for each of the sensors for
each athlete were used to determine the trends so that the

Figure 2. The average of 10 serves performed by a sub-elite player. (a)
presents hand motions in X,Y,Z axis, (b) presents waist motion in X,Y, Z

axis, and (c) presents leg motion in X, Y, Z axis

The average acceleration values for the leg, waist and
wrist of the sub-elite tennis player are shown in figure 2. In
this figure time zero represents the impact time.

Both side and forward motion of the hand prior and after
impact time are shown clearly. The X and Y axis show a
relatively high peak. This is partly due to the rotation of the
lower and upper trunk as well as the shoulder rotation needed
to produce the circular motion ofthe racquet during the serve
[1, 2, 3]. The y-axis graph is also due to the weight shift of
the body in the forward motion of the serve.

It can also be seen in figure 2 that the peak of the forward
waist acceleration occurs around the impact time as the body
is fully rotated toward the court to hit the ball. This is most
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apparent in both the X and Y axis due to the waist rotating in
that plane.

The knee flexion and stretch are also apparent in the
acceleration of the leg.

The Z axis of the wrist, waist and leg all indicate the upward
motion of the entire body in the serve. The Z axis of the
waist and the hand show the upward motion of the trunk as
the athlete reaches the full height for the serve.

A. The Kinematic Chain
According to the kinematic chain model of serving to

produce the fast (first) serve, the sequential order of the joint
contributors start from the ground and goes all the way up to
the wrist [1,3]. This sequence can be seen in figure 2 from
the timing ofthe events prior to impact. The X and Y axis for
the leg show that the knee flexion and knee full stretch occur
around 0.25 seconds and 0.012 seconds prior to the impact
respectively. The rotation of the waist occurs 0.08 seconds
before the impact. Finally, the impact occurs at time zero.

The order of motion starts at the leg, proceeds through
the waist until the impact. This follows the expected
kinematic chain. Therefore this indicates that accelerometers
can be successfully used to detect the body motion.

B. Investigating the level ofProficiency ofdiferent players
As shown in the previous section accelerometers can be

used to detect the action of the swing for a tennis player.
Therefore measurement of the swing action will makes it
possible to compare the serves of athletes with different
levels of skill. It is envisaged that this can be used to give for
feedback to a tennis player and coach.

Figures 3 and 4 show selected sensor measurements for
players with different skill levels. The players are of the sub-
elite level denoted PI and P2 and the amateur-developmental
level denoted Al and A2. The selected measurements are the
side motion of the hand as shown in figure 3 and the forward
motion of the waist as shown in figure 4. As can be seen,
players with different level of skill exhibit different swing
patterns.

The most indicative motion of the hand can be seen in
the side motions. It can be seen that there are differences in
the pattern of the side motion for sub-elite and amateurs. The
differences are most apparent around the impact. Since the
amateur player doesn't employ his waist to generate power
to the serve, his side motion pattern is completely different
from that of the sub-elite player. There is also a significant
difference in acceleration magnitude between the amateurs
and sub-elite players around impact time.

The forward waist motion also exhibits a difference
between the sub-elite and the amateur. This is shown in
figure 4. The forward motion of the waist is linked to the
rotation of the waist in the service motion. The rotation

pattern is varying from the sub-elite players to the
developmental players. It shows that for the developmental
players there is either no rotation or some rotation at the
wrong time. In contrast, the full rotation occurs around the
impact time for the sub-elite players.

Repeatability is another key feature that may be used to
classify the athletes. The grey lines in figures 3 and 4 show
the standard deviation for each player. As can be seen, the
sub-elite players have less variability through this whole
swing than the developmental players. This indicates that the
sub-elite players are more consistent in their service and their
action is more controlled. It should also be noted that the
standard deviation alone can not be used to detect the correct
motion as a player might consistently repeat a bad habit.
Therefore, using both the standard deviation and the average
of the swing pattern can be used for an indication of the
proficiency level of an athlete.
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Figure 3. Average (dark line) and average + standard deviation (grey
line) of the hand side motion for 2 sub-elite and two developmental players.
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Figure 4. Average (dark line) and average + standard deviation (grey
line) of the waist forward motion for 2 sub-elite and two developmental

players.
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IV. CONCLUSION

The focus of the paper was to use accelerometers to
determine the motion during a tennis serve and then
determine indicators of skill level for athlete skill
assessment. The authors modified the previous [12]
accelerometer measurement system to be able to record the
higher acceleration of the hand as well as to obtain better
synchronization of the measurements. The correct sequential
order of the kinematic model of the tennis serve was
observed using the accelerometer sensors. In addttion,
differences between sub-elite athlete's serves and
developmental athlete's serves were investigated. The most
obvious differences between the sub-elite athlete's serves
and developmental athlete's serves were detected in the hand
side-forward motions and the waist forward motions. The
waist forward motion is an indicator of the waist rotation.
The repeatability of the swing was also examined. As
expected, the developmental athletes have larger variability
through the whole swing than the sub-elite athletes.

Overall this paper has shown that accelerometers can be
used to monitor the kinematic model as well as give
indicators towards assessing athlete's skill level.
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