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The development and simulation of robots that have
athSetic ski11 close to human beings is yery much usefu1
for testing and developing sport goods. This paper dis-
cusses the development and simulation ofa tennis roboL
The developed tennis robot has twojoints contro11ed by
a servolike human muscle, and its characteristics are
satisfying and similar to a human. The simulation for
the whole system including rackeg ball and tennis robot
is set up. The simulation results agree well with experi-

mental results.
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1. Introduction
Fig 1. The tennis robot

  The development and simulation of a tennis robot is
very much useful for testing and developing tennis rack-
ets. As humans hit a ball with a tennis racket, stress and

aoceleration are generated at the every part of the tennis
racket. If a tennis robot can be made which has athletic

skill close to a human and is able to reproduce similar
states described above, it will become possible to quan-
titatively appraise tennis rackets grasped by humans. In
our study, we aim to develop and simulate such a tennis
robot, and make clear human dynamics including muscle
characteristics and the mechanism of human motion con-

trol.

  In this paper, we discuss the structure of the developed
tennis robot, and investigate the motion control of the
tennis robot in consideration of the mechanism of human

motion control. Based on the above, the simulation for

the whole system including racket, ball and tennis robot
is set up, and the experimental study is made to measure
volley characteristics when the racket is grasped differ-
ently. It is experimentally confirmed that the developed
tennis robot has satisfactory performance in volleying.

2. Tennis RobotConfiguration

  When humans hit a ball, the motion of the tennis

racket is complex which consists of translational motion
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Fig. 4. The strain variations in rackets

O.2

lide with a racket.

  Arm: The arm of the tennis robot is made of CFRP

and aluminum alloy so that the mass of the am is close
to the one of human being.

  Grasped part: When the racket is grasped by the tennis
robot directly, the obtained characteristics are different
from that grasped by human being. By this reason, be-
tween the racket and the grasped part, some materials are
put to absorb impacts. The materials are selected as vis-
coelastic materials. Their quality and thickness are cho-

sen so as to be similar to human hand.

3. Viscoelasticity of Grasped Part

  In order to select appropriate materials for the grasped
part ofthe tennis robot, we investigate the vibration char-
acteristics and the viscoelasticity of the different kinds of

grasped parts.
  The vibration characteristics are tested by measuring

Journal of Robotics and Mechatronics Vol. 13 No. 1,2oo1

(a) (b)

-g. 6. Muscle model

the strain v

grasped by
part oftenn
ments grasp
and thickne
ta1 results,

that grasp
shown in F

sponding to the abov
  A set of
shown in Fi
cosity coef
and 6.0Nslm
sults of ex
coelastici
viscoelastic

quency and damping of the vib

4. MotionControl

4.1. Motion Control ofHu
  Consider
servo mecha
method of f

nerve systems.

  There is 
skeletal mu

excited, th
that the po
potential di
order that 
pulse, show
frequency o

75



Furusho, J., et al.

Joint Angle

The viscoelasticity
   of muscle

 The control by
the nerve circuits

Ng. 7. Control system ofskeleta1 muscle

Joint Angle

.

Torque

e-L'(Kp + Kds)

Con)uiaitd

 Torque

Fig. 8. ContrDl system of temis robot

variation over the limitation carmot be transmitted.

  In addition, the muscle itself has the property of an
actuator with viscoelasticity as shown in Fig.6, where
Fig.6(a) is the muscle model in common use, and
Fig.6(b) is the simple muscle model used in the field of
motion physiology.5) Therefore, skeletal muscle control

can be considered as a servo system shown in Fig.7.
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4.2. Motion Controt of Tennis Robot
  ln order to make the motion control ofa tennis robot

more similar to that ofa human being, based on the
mechanism of human motion control described above,
the control of the tennis robot is considered as a servo

system having feedback control with the information
transmission lag in nerve circuits`) (Fig.7). It is shown in
Fig.8, where K. is the muscle elastic coefficient, C. is
the muscle viscosity coefficient, L is the time lag repre-
senting the information transmission lag in nerve circuits,
and Km Kd are the feedback coefficients in muscle control

system.

5. Simulation

  To simulate the whole tennis robot system including
the racket, ball and tennis robot, it is necessary to model
the whole system. The physical model of the tennis robot
is shown in Fig.9(a), and Fig.9(b) is the enlarged figure
about the racket and the grasped part. In the figure, e. is
the angle between grasped part and arm, R. is the distance
from the mass center of the grasped part to the rotational
center of the wrist, RE is the distance from the grasping
end of racket to the rotational center of the wrist. This
section discusses how to build the mathematical model

of the whole system and simulate it.

5.1. Assumptions in Modeling
  wnen modeling the whole system, we make the fol-
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Flg. 11. Strain variatioas of racket at point B

late the tennis racket.

  At first, we make an experiment letting a ball hit the
racket hung in the air and measure the strain generated
in the several parts of the racket by the strain gauges. The
strain gauges are pasted on the A, B, C, D, E positions

of the racket, as shown in Fig.10.
  Next, under the same condition as the experiment, we
suppose the racket to a ID flexible beam and simulate it
by means of the RKG numerical integration method.
When the simulation results is similar to the experimental
results (reference to Fig.11), the related parameters used

in simulation are as follows:

  Ball viscosity coefficient 3.2 [Nslm]
  Ball spring modulus 10147.9 (Nlm]
  Gut viscosity coethcient 19.0 (Nslm]

  Gut spring modulus                        31675.5 [N/m]

  Racket viscosity coefficient 5.5 x 10'5 [Nslm]

53. Dynamic Equations ofMotion
  The equations of motion of the whole system are given

by the following.
  The equation about the rotational motion of the first

link arm is

 (Io + Maa2)Oa = Ta' T tv'Fi,Ra ････････ (3)

where T. is the first joint torque, T. is the second joint torque
and F. is the translational force acting on the grasped part.
  The equation about the translational motion of wrist

and racket is

 m.〈R. + R.) O, + m.R.O.
       R,

   +f, M(X)I(Ra + RE + X)Oa + (RE + X)Ow
           +5;(t,x)ldr- F.-FG ,... (4)
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The equation ais

                  R,

(I. + m.R.2)(e. + O.) +f,
   I(R, + RE + x)e. + (R

                 R2

         - T               Rt

The equation about the rack

 £?i÷(EI(x):O-`!±〉:Fi¥l`iX)+C,EI(x):O-
  'M(X〉l(Ra + RE + X)Oa + (RE 

   Oly(t, x)

  + oR l- (k(x )y( t, x) + c
-h(x)FG ..

where C, is th
k(x) and c(x) 

of the grasped part. qx

"X)t ctX) -(.cx

(G, s x s G,)
the grasped section

 (x〈 G,,x 〉 G2)

･････････
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h(x) s

  〈x) (R,sxsR,)
    (the section where
    sm'ng is stretchedi

 O (O〈x〈 R,, R2 〈x〈 R.)

......................... (8)

which means that k(x), c(x) have
within the section [Gi, G2].

  The boundary condition of the
Eq.(6) is given by

certain value kx, cx

partial differential

rpt-O,rpteO
 02 o'.'..R') e o, ¢2IitI![)) e o ..････････ (9)
which means that the moment and shearing stress on the
both ends of the racket are zero. The equation about the

stmg motlon ls

where

m.((R. + R, + x)e. + (R, + x)e..
     + Y.,. + N.l t F. - F, . . . . . . . . (lo)

1

yma e
     R, - R,

  Rt

 f,, y(t,x)dr ･････.... (n)
The equation about the ball motion is

Ms((Re + RE + X)Oa + (RE + X)Ow
      +j;.ut+MG+Msln Fs.･･･..... (12)

Eliminating F. FG, FB in the above Eqs.(3) to (12), we
can obtain the final equations ofmotion. After identifying
the related parameters in the equations, the mathematical

model of the whole system is formed.
  Using the model described above and the tennis ro-
bot's controller given in Fig.8, the simulation for the

whole system can be carried out.

6. Volley Characteristics

  In this section, we discuss the volley characteristics of
tennis racket, which is one of the important charac-
teristics to appraise the tennis rackets quantitatively. The
volley in this paper means that the ball collides with the

tennis racket grasped by human being or tennis robot.

6.1. Racket Grasped by Human Being
  As the tennis racket grasped by human being, the vol-
ley experiment is done and the volley characteristics are
measured. One of the experimenta1 results is shown in
Fig.12(a). From the results, we can observe that the strain
generated in the racket consists of low-frequency vibra-

tion and high-frequency vibration.
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