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This paper derived the shock vibrations of the wrist joint caused by the impact when 
a player hits flat forehand drive. The predicted waveforms of the shock vibrations at 
the wrist joint agreed fairly well with the measured ones. The predicted shock 
vibrations with the light weight type is smaller at the top side and larger at the near 
side than those with the conventional weight balanced type of 100 in2 face size 
racket. 

1. Introduction 
This paper investigated the feel or comfort of the arm or hand in an impact. It 
derived the shock vibrations of the wrist joint caused by the impact when a player 
hits flat forehand drive. It is based on the identification of the racket-arm system and 
the predicted coefficient of restitution between a racket and a ball. 

2. Prediction of Shock Vibrations at the Racket Handle and the Wrist Joint  
The acceleration of the shock vibrations at the player's wrist joint and at the racket 
handle was measured when a player hits flat forehand drive. The location of the 
accelerometer at the racket handle is 210 mm from the grip end. The waveforms of 
acceleration when struck at the off-center (top side) and those at the center were 
recorded during forehand stroke.  
  We consider the racket to be freely hinged to the forearm of the player, the 
forearm freely hinged to the arm and the arm freely hinged to the player's body. We 
can deduce that the inertia effect of the arm and the forearm can be attributed to a 
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mass MH concentrated in the hand. Therefore, the analysis of the impact between the 
ball and racket can be carried out by assuming that the racket is free in space, as long 
as the mass MH is applied at the point that the hand grips the racket. If the impact 
force between a ball and the racket is given when the ball hits the racket, the shock 
force can be obtained [1][3][8]-[11]. The reduced mass Mr of a racket at the impact 
location on the string face can be derived from the principle of the conservation of 
angular momentum when the moment of inertia and the distance between an impact 
location and a center of gravity of the racket-arm system are given.  
  The vibration characteristics of a racket can be identified using experimental 
modal analysis [4][5] and the racket vibrations can be simulated by applying the 
approximate impact force-time curve to the hitting portion on the string face of the 
identified vibration model of the racket. When the impact force component of the k-th 
mode frequency f k in the frequency region applies to the point j on the racket face, the 
amplitude Xij k of the k-th mode component at point i can be derived using the residue 
rij k of the k-th mode between arbitrary point i and j [6][8].  
   The energy loss due to the racket vibration induced by impact can be derived from the 
amplitude distribution of the vibration velocity and the mass distribution along a racket 
frame, when an impact location on the string face and the impact velocity are given. 
The coefficient of restitution er (COR) between a ball and a racket can be derived by 
considering the energy loss due to the instantaneous large deformation of a ball and 
strings and that due to the racket vibrations [6][8]. Furthermore, the force-time curve 
of the impact between a ball and a racket considering the vibrations of a racket frame 
can be approximated. The contact time TC during impact can be determined against the 
pre-impact velocity (VBO -VRO) between a ball and a racket assuming the contact time to 
be half the natural period of a whole system composed of the mass mB of a ball, the 
equivalent stiffness KGB of ball/strings, and the reduced mass Mr of the racket-arm system. 
     The shock acceleration Anv (t) at the hand grip considering the equivalent mass MH of 
the arm system can be represented as:    
 

 A nv ( t) =  S0 ( t) [１/ ( MR + MH )－ ( a/ I
Ｇ

)Ｘ]       (1)    
where X denotes the distance between the center of mass of racket-arm system and 
the location of hand grip, a  the distance between the center of mass of racket-arm 
system and the impact location of the racket, and I

Ｇ
 the moment of inertia around 

the center of mass of racket-arm system, respectively. The maximum shock force 
S1max transmitted to a wrist joint corresponds to the maximum impact force S0 max .   
The vibration acceleration component A

ｉｊ,ｋ( t) of the k-th mode at the location i of 
the hand grip is represented as:  
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 A
ｉｊ,ｋ(t) = - (2πf k)2rij kS0j (2πf k)exp(-2πf kζｋ

t) sin(2πf k t)         (2) 
 
where j denotes the impact location between ball and racket on the string face, ζ

ｋ  the 
damping ratio of the k-th mode, and S0j (2πf k) the Fourier spectrum of impact-force curve 
between a ball and strings. The summation of equation (1) and equation (2) represents the 
shock vibrations at the hand grip. The damping ratio of a hand-held racket during actual 
impact has been estimated as about 2.5 times that of the one identified by the experimental 
modal analysis with small vibrations amplitude. Furthermore, the damping of the 
waveform at the wrist joint has been 3 times that at the grip portion of the racket handle. 

3. Estimation of the Sweet Spots in terms of Feel for Tennis Rackets having 
different weight and Weight Balance 

Now we can predict the shock vibrations at the grip and the wrist joint during the impact 
and can estimate the sweet spots in terms of feel for the various rackets with different 
physical properties. Table 1 shows the specifications and the main physical properties 
of the light weight racket (EOS100: 290g) and the conventional weight and 
weight-balanced racket (PROTO-02: 370g), where the sign IGY denotes the moment 
of inertia about the center of mass and the sign IGX the moment of inertia about the 
longitudinal axis of racket head. Figure 8 shows the impact locations on the string 
face of the racket. 
     Figure 9 shows the predicted maximum shock accelerations at the racket grips 
(70 mm from the grip end) between the light weight racket (EOS100) and the 
conventional weight and weight-balanced racket (PROTO-02) when a ball strikes the 
freely suspended rackets.  Figure 10 shows the predicted maximum shock  
     Table 1 physical property 
Racket EOS100 PROTO-02 
Total length 680 mm 680 mm 
Face area 606 cm2 606 cm2 
Mass 290 g 370 g 
Center of gravity 
from grip end 350 mm 317 mm 
Moment of inertia 
IGY about Y axis 34.1 gm2 36.6 gm2 

Moment of inertia 
IGX about X axis 1.121 gm2 1.620 gm2 

1st frequency 171 Hz 215 Hz 
Strings tension 55 lb 55 lb 

        Fig.8 Hitting locations on the 
string face. 
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M H = 0kg
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 Fig.9 Predicted Maximum shock acceleration        
at the grip of freely suspended racket. 

     

M H = 1.0kg
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  Fig.10 Predicted Maximum shock 
accelerations at the grip of hand-held racket 

          Impact location B (Top side) 
 

        Impact location D (Center) 
 

        Impact location F (Near side) 
   (a) Racket EOS100 (light weight) 

         Impact location B (Top side)  
 

         Impact location D (Center) 
 

       Impact location F (Near side) 
 (b) Racket PROTO-02 (Conventional) 

   Fig.11 Predicted shock vibrations of the player's wrist joint (impact velocity: 30 m/s). 
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the grips of hand-held rackets. The equivalent mass of an arm is estimated as MH= 
1.0 kg [1]-[3]. The equivalent mass of an arm reduces remarkably the maximum 
shock acceleration of a racket grip on comparing with Fig.8.  
Figure 11 shows the predicted shock vibrations at the wrist joint. Figure 12 shows the 
predicted shock vibrations estimated by the initial peak-peak value of wrist acceleration 
waveforms when the ball strikes the each hitting location along the longitudinal axis on the 
string face of hand-held rackets. Figure 13 shows the predicted sweet area in terms of feel 
or comfort of tennis rackets estimated by the initial peak-peak value of wrist acceleration 
waveforms, where the ball hits the string face. It is seen that the sweet area of both rackets  
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    (a) Racket EOS100 (Light weight) 
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 (b) Racket PROTO-02 (Conventional)
Fig.12 The predicted shock vibrations estimated by the initial peak-peak value of wrist acceleration 
waveforms when the ball strikes the each hitting location along the longitudinal axis on the string face 
of hand-held rackets.                                                                  

        (a) EOS100 (Light weight)    (b) PROTO-02 (Conventional) Fig.13 The predicted sweet area in terms of feel or comfort estimated by the initial peak-peak value of 
wrist acceleration waveforms when the ball strikes the string face of hand-held rackets.  
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in terms of feel or comfort lies near the center of the string face, but the shock vibrations at 
the wrist joint when using a light weight racket is smaller at the top side and larger at the 
near side than that when using a conventional weight and weight-balanced racket. 

4. Conclusions 
The predicted waveform of the shock vibrations at the wrist joint agreed fairly well 
with the measured ones during actual forehand stroke by a player. The predicted 
results could explain the difference in sweet spots of a racket in terms of feel or 
comfort of 100 in2 face size rackets with different weight and weight balance. The 
sweet area of both rackets in terms of feel or comfort lies near the center of the string face, 
but the shock vibrations at the wrist joint when using a light weight racket is smaller at the 
top side and larger at the near side than that when using a conventional weight and 
weight-balanced racket. 
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