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Effect of Racket Frame In-Plane Hoop Vibrations on
the Coefficient of Restitution and Energy Losses in Tennis Rackets
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Yoshihiko KAWAZOE, Saitama Institute of Technology, Fusaiji 1690, Fukaya-si, Saitama

Engineering technology has advanced to enable manufacturers to discover and synthesize new materials and new
design with sport equipment. There are rackets of all compositions, sizes, weights, shapes and string tension. At the
current stage, very specific designs are targeted to match the physical and technical levels of each user. However, ball and
racket impact in tennis is an instantaneous phenomenon creating vibrations and large deformations of ball/strings in the
racket. The problem is further complicated by the involvement of humans in the actual strokes. Therefore, there are many
unknown factors involved in the mechanisms explaining how the specifications and physical properties of the high-tech
rackets influence the racket capabilities. This study investigated the physical properties of various high-tech rackets,
predicting racket performance in terms of the coefficient of restitution, the rebound power coefficient and the post-impact
ball velocity. The coefficient of restitution e, (COR) can be derived considering the energy loss £ due to racket vibrations
and E, due to large deformations of a ball and strings corresponding to the coefficient epg. It is based on the experimental
identification of the racket dynamics and the approximate nonlinear impact analysis with a simple forehand swing model.
Furthermore, it studied the effect of racket frame in-plane hoop vibrations on the coefficient of restitution and the energy
losses in tennis rackets, which has been left unknowns for a long time.

Key Words: Dynamics of Machinery, Sports Engineering, Impact, Tennis Racket, Power, Coefficient of
Restitution, Energy Losses, Vibrations, In-Plane Hoop Vibrations, Experimental Modal Analysis
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Fig.1 Non-linear Impact model of a ball-string system.
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(b) Racket V—CON17 with 150 Hz
Fig.2 Rackets with the design frequencies.
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Table 1 Physical property

V-CON20 V-CON17
Racket
acke Vibration Control] Vibration Control
Total length 700 mm 698 mm
Face area 755 cm> 690 cm”
Mass 275g 300g
Center of gravity
. 360 mm 346 mm
from grip end
Moment of intertia 9 2
1 gy about gravity center 12.2 gm 13.9 gm
Moment of intertia 9 9
1 oz about grip 35.3 gm 36.7 gm
Moment of intertia 2 2
I gx about longitudinal 2.049 gm 1.537 gm
1st frequency 176 Hz 161 Hz
Strings tension 551b 551b
Reduced mass (center) 0.18 kg 0.18 kg
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Fig.3 Reduced mass at hitting locations of freely suspended
Racket.
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Fig.4 Experimentally identified vibration modes.
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Fig.5 Player’s forehand stroke swing model.
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Fig.6 Predicted Restitution coefficient € r (Vs = 56.9Nm,
VBO = 10m/s)
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Fig.7 Predicted Pre-impact racket head velocity Vg,
(Ns=56.9 Nm, Vpp=10m/s)
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Fig.8 Rebound power coefficient e (Ns=56.9 Nm, Vpy =
10m/s)
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Fig.11 Mode shape of an in-plane hoop vibration of racket
frame.

(b) Hammering
Fig.12 Measurement of out-of-plane vibration mode.

(b) Hammering
Fig.13 Measurement of in-plane vibration mode.
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Fig.14 Measured frequency response functions
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Fig.15 Tested rackets.
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Table 2 Measured physical properties 0f various rackets

Racket 1S-10 MP-1 Rollers2.6 TSL V-CON17
Intellifiber|Muscle Power 1 ]JRollers Super lighfVibration Control
Total Length 700mm [696mm 705mm |710 mm ]698.5mm
Face size 740 cm?2 |581 cm?2 742 cm2|742 cm2]690 cm?2
Mass 241 g 310 g 268 g 224 ¢ 300 g
String Tension 551b 50 Ib 58/531b |551b 551b
(1Ib=4.45N)
Face Center 512 mm |527 mm 520 mm |519 mm |501 mm
(From Grip End)
Racket 382 mm 333 mm 363 mm |379 mm [345 mm
Racket-Hand System |131 mm |133 mm 132 mm [127 mm [134 mm
Gravity Center
Shift 251 mm |200 mm 231 mm 252 mm |227 mm
about Gravity 11.2 gm?2 |14.9 gm2 13.2 gm?2 |11.0 gm?2 ]13.73 gm2
Inertial Moment
about Grip (70 mm) [36.7 ng 36.4 ng 36.2 ng 324 ng 36.42 ng
Inertial Moment
about Center line 1.511 gm2{0.954 gm?2 1.499 gm21.210 gm21.383 gm?2
Frame 1st Frequency |205Hz 146 Hz 205Hz 200 Hz 161 Hz
Hz d1st out plane
Oin plane
500 | O2nd out plane
450
400 — [ _
350 -
300 —
250 - —
200 —
150
100 -
50 — —
0
1S-10 MP-1 Roller2.6 TSL Vceonl?7
241g 310g 268g 224g 300g
Fig.16 Frequencies of main vibrations of various rackets.
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Fig.17 Energy loss E/ due to racket vibrations and E, due to large
deformations of a ball and strings, where total energy loss E (= E,
+FE, ) related to the coefficient of restitution e, (COR). of a ball and a
racket. It is based on the experimental identification of the racket
dynamics with a simple forehand swing model.
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