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We have newly developed a smart table tennis racket containing a 5 x 5 array of ultrathin
piezoelectric sensors between the wood paddle and rubber. Since this racket has highly sensitive
sensors mounted in the array, not only ball impact localization but also stroke type can be
analyzed in detail. This contribution is a pioneering work to realize a MEMS-based sensor
system for table tennis rackets, which has the potential to be used in training exercises and
games to assist table tennis players during matches and to support athletes in training.

1. Introduction

Smart sports equipment enables athletes and amateur sports participants to monitor, track,
analyze, and improve their athletic performance and fitness. Smart sports products range from
gym machines to running shoes, the important points being that the products can collect data
continuously and the player can use them without discomfort. In recent years, various sports
rackets with embedded sensors have appeared. Most of them, however, analyze the hit points of
a ball from the vibration of the embedded sensors in the handle or at the outer edge of the racket.()

We previously used ultrathin silicon chips in various applications.(z’s) In this study, we
develop a smart table tennis racket that directly measures the strain distribution of the racket
when a ball is hit by mounting a flexible printed circuit (FPC) with an ultrathin lead zirconate
titanate (PZT)/Si strain sensor array between the wood paddle and rubber of the racket (Fig. 1).
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Fig. 1. (Color online) Concept of smart table tennis racket.
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2. Fabrication of Smart Racket
2.1 FPC with piezoelectric sensor array

Figure 2 schematically illustrates the fabrication process for the FPC with a strain sensor
array. PZT thin films were deposited onto silicon-on-insulator (SOI) wafers and fabricated into
ultrathin PZT(1.9 pm)/Si(3 pm) structures by a standard piezoelectric MEMS microfabrication
process.”) To transfer printable structures onto an FPC substrate, we fabricated a slightly
(six-point) supported ultrathin piezoelectric strain sensor on the handle layer of a 4-inch SOI
wafer. First, we prepared a 1.9-um-thick PZT layer sandwiched between 100-nm-thick upper
and lower Pt/Ti electrodes by sol-gel and sputtering deposition processes on an SOI wafer with
a 3-um-thick device layer. The total thickness of the piezoelectric structure was approximately
5.1 um. Note that the ferroelectric polymer poly(vinylidene difluoride) (PVDF) has been used
on flexible devices in many cases because of its high ﬂexibility.(s’m) However, we used PZT
because it is a proven ferroelectric material for microfabrication and the MEMS process.(!*!?
Then, we patterned and etched the device layer with the piezoelectric structure slightly
supported on the handle layer by reactive ion etching of the device, box, and handle layers. By
adopting such a slightly supported state, it is possible to separate the sensor from the handle
layer and attach it to the flexible substrate using a vacuum collet. Anisotropic etching has
been reported as a method of manufacturing an ultrathin sensor structure suitable for a similar
transfer printing process,!> but our approach has the advantage of offering a higher degree of
freedom in sensor structure fabrication.

Then the PZT/Si strain sensors were released from the wafer by using a vacuum collet
mounted on a chip mounter with an automatic alignment system. The vacuum collet’s adsorption
power consists of vacuum suction by a vacuum pump. After that, the PZT/Si strain sensors
were transfer-printed onto screen-printed 20-pum-thick UV-curable resin (Kyoritsu Chemical
WORLD ROCK 3970) as an adhesive material on an FPC made of 25-pum-thick polyimide (PI)
as the base film and Cu as the circuit. After UV curing, the sensor electrodes and Cu wiring
on the PI substrate were connected by conductive paste printing. UV was used to irradiate the
UV-curable resin underneath the sensors by the substrate’s back side. In the printing process,
we performed fine pattern formation by screen printing using silver paste with a high viscosity
of approximately 300 Pa-s (TOYOCHEM RA FS 089) and ultrahard “nondistortion” stainless-
steel woven wire cloth (Asada Mesh HS-D 650/14) capable of high-viscosity paste printing.!4!)
Note that an insulating paste was printed to prevent short circuits between the upper and lower
Pt/Ti electrodes before silver paste printing. We can easily integrate such materials onto an
FPC by using the technique we developed. Moreover, not only strain sensors but also ultrathin
amplifier, MCU, and RF-IC chips can be integrated to realize a fully integrated 2D dynamic
strain-sensing sheet. Figure 3 shows the developed 5 x 5 (20 mm pitch) ultrathin piezoelectric
strain sensor array integrated on a PI FPC. The FPC with the sensor array can be easily installed
between the wood paddle and the rubber because its total thickness is less than 100 pm.
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Fig. 2. (Color online) Fabrication process for FPC with ultrathin piezoelectric sensor array.
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Fig. 3. (Color online) Developed FPC with ultrathin piezoelectric sensor array.

2.2  Wireless module

To connect the developed FPC with the sensor array and a wireless module for data
transmission, a flexible flat cable (FFC) was thermocompression-bonded to the end of the Cu
wiring of the FPC. The wireless module consists of amplifiers for 25 piezoelectric sensors,
a Bluetooth IC, a microcontroller, and a Li-Po battery. Figure 4 shows the rubber of a table
tennis racket with a sensor array FPC attached to which a wireless module is connected. In this
prototype, the transmitter and Li-Po battery were attached to the outside of the racket, but the
size of the transmitter was 48 x 33 x 20 mm?, including the plastic case. The size of the grip
of the commercial racket used in the experiment was 80 x 33 x 24 mm®. Therefore, in terms of
volume, the wireless transmitter and battery would fit inside the grip.

3. Experimental Results and Discussion
3.1 Quantitative evaluation of single sensors

To quantitatively evaluate the performance of single sensors mounted between the paddle
and the rubber of the table tennis racket, a table tennis ball was mounted on a load tester (FTN1-13A,
Aikoh Engineering Co., Ltd.), as shown in Fig. 5, and repeatedly pressed against the center of
the racket with a load of 3 N at various speeds. The data obtained by the sensors were processed
at a sampling frequency of 100 Hz. Figure 6 shows the load applied to the ball and the output
voltage generated by the sensor at the center of the sensor array (orange line) and a sensor
located next to it (green line) as a function of time. It can be seen that the output voltage varies
with the contact speed at the same load. Comparing the two sensor outputs, we can see that the
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Fig. 6. (Color online) Output voltage generated by the sensor at the center of the sensor array (orange line) and the
sensor located next to it (green line) as a function of time when the ball was repeatedly pressed against the center of
the racket with a load of 3 N at various speeds.
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overall behavior is the same, but the magnitude of the output is slightly smaller for the sensor
further away from where the ball made contact. Therefore, the impact position can be estimated
by evaluating the output distribution of all sensors mounted on the sensor sheet, not just a single
sensor output.

Next, the behavior of the sensor was evaluated when the racket was fixed in an upright
position, as shown in Fig. 7, and the racket was rubbed with the ball in contact with the surface
of the racket while repeatedly moving the ball up and down for 5 mm. Figure 8 shows the
applied load on the ball and the output voltage generated at the sensor in the center of the sensor
sheet as a function of time, as in Fig. 6. In this experiment, small and noisy output voltages
were generated at all speeds, and as the speed of the ball increased, the noisy output voltage
also increased, with a large output voltage momentarily generated when the vertical motion was
switched. Therefore, evaluating this output voltage may reveal the spin status of the ball.

On the basis of the above results, it was found that the behavior of the output voltage
generated by the sensor differed greatly depending on the ball’s velocity and the angle at which
the ball came in contact with the racket surface. This suggests the prospect of estimating the
relationship between the ball impact position and stroke type by evaluating the magnitude of the
sensor output and its distribution.

3.2 [Evaluation in game of table tennis
A racket with a built-in sensor was used in a game of table tennis and the data obtained by

the sensor were collected. Figure 9 shows the output voltage for different types of shots and
5 x5 color mappings of the strain distribution obtained from the sensor array. In the case of

Fig. 7. (Color online) Experimental setup of a ball repeatedly rubbed against the center of the racket with a
displacement of 5 mm at various speeds.
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Fig. 8.  (Color online) Output voltage generated by the sensor at the center of the sensor array as a function of time
when the ball was repeatedly rubbed against the center of the racket with a displacement of 5 mm at various speeds.
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chopping, a relatively loose output voltage was generated over a wide area. On the other hand,
when smashing, a sharp peak locally occurred for a short time. From these measurement results,
it is confirmed that not only ball impact localization but also the type of shot can be recognized
in detail by using this system. Therefore, the trend of ball impact points and shot types under
various circumstances of the player can be obtained by analyzing this data.

In the future, we will use a high-speed camera to identify the areas where the ball is hitting
the racket and check for consistency with the sensor data. We would also like to install a
commercial foil strain gauge in an array on the back of the racket and compare the data obtained
with our sensor data.

4. Conclusions

We developed a smart table tennis racket containing a 5 x 5 array of ultrathin piezoelectric
sensors integrated on a PI FPC between the wood paddle and rubber. The developed device has
a sensor sheet attached to the rubber of the racket, which makes it easy to manufacture and easy
to replace when it breaks. While existing smart sports devices attach vibration sensors to the
grip and analyze the vibration results to calculate swing speed and ball speed, this device can
directly measure the hitting point and the way the ball is struck. Since this racket has highly
sensitive sensors mounted in an array, not only ball impact localization but also stroke type
such as a smash or chop can be analyzed in detail. Such rackets with a MEMS-based sensor
array system have the potential to be used in training exercises and games to assist table tennis
players during matches and to support athlete training.
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