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It is d壼■cult to conStruct a theoretical lnodel of the hand holding of a tennls racket upo■

the interaction of a tennis ball with a racket.The coerncient of restitution during the impact

is related to a maln source ofthe energy loss caused by the collision,such as due to the

impact between a ban and strings,the rotation of the racket and the宙 bratbn of the racket

frame. This study investigates conditions of a hand― hend racket and the lnechanお m ofthe

impact,pro宙 ding a simple impact model for the estimatio■ of the coerlcient of restitu● on of

a hand― held racket, on the basis of an idea that the contact duration is detennined by the

natural peHod of the entire system which compHses the mass of a ball,the nonlinear
st」謁ness of the ball and stmgs,and the reduced mass of racket at the impact pomt on the

st轟ng face. By using an estllnated il■ pact force and contact tune to an experimentally

identified vibration model of a hand― held racket, the vibratio■ of the racket duHng the

ilnpact can be predicted. Furthemore,the predicted restitution ccDerlCient of a hand― held

racket is compared with that of a freely supported racket.

1. INTRODUCT10N

The implementation of inaterial composites has led to increased flexibility in the design and production

of sporting goods.The increased freedom has enabled manufacturers to tailor g00ds tO match the

direrent physical characteristics and techniques of users. If the racket dynamics from the time of ball

contact at a certain speed and angle untu the time of separation(cOntact time), and the resulting ball

velocity and spin can be dOtemmed, the racket can be evaluated with respect to its physlcal
characteristics such as mass distribution,rigidity distribution,racket head size,and string tension.

However,impact between a ball and racket is an instantaneous event in which the contact tilne

decreases with increasing mpact velocity(apprO対 mately 3- 6ms).  ■ e event involves a nonlhear

phe■omenon accompanied by frame vibration and large deformations in the ball and strings. In addition,

the human system is involved in each stroke,hrther complicating the model.As a result,many pomts

regarding ball and racket dynamics at the tine of inpact and racket characte● stics renlaln unclear l)~17)

Because engineering can cont五 bute little to the current desngn of rackets, these points are evaluated

by players who use the equipment extensively.

A previous report 15)eXamhed the close relationship between energy loss and the ccDernCient Of
restitution during iinpact.  In addition, a method for predicting the coerlcient of restitution that

accounts for energy lcDss due to the substantial ball and string defomation and energy loss due to racket

frame vibration was proposed.  That study demonstrated that the predicted rebound velocity of a ball

that impacts a racket hanging in mid― 江r was in gOod agreement with the experimental values obtained

using a free hanging racket.

When racket rebound characternstics are predicted in actual play, the contribution of the handle

portion(commonly called the grip),whiCh is the point of connection between the player and the racket,

becomes unclear as a boundary paralneter.

The present study investigates the influence of a hand― held racket gnp on racket vibration amplitude

at the tilne of impact and on rebound charactedstlcs.  Based on the results,a inethod for predtting

rebound characteristics when the grip is held is proposed.
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BaH rotation(spin), which∝ curs when a ball impacts a racket at a given angle,is an important
consideration with respect to ball control characteHstics. HOwever,the present report focuses on the

rebound mechanism,and therefore only frontal impact is cOnsidered in order to sinpl彎 the analysis.In
order to simpl崚 ァthe teminology, a racket hanging in mid_air without the handle held輌 l be called
l'freely supported" Or i!grip released‖  and a racket handle held by hand will be canled''hand― hend"
throughOut this report.

2. EXPERIMENTAL MODAL ANALYSIS OF HAND SUPPORTED RACKET

First,the racket vibration charactenstics were investlgated using the experi=nental lnodal analysis for

a racket placed horizontally on a sOft spOnge (cOrresponding tO mid― air hanging, freely supported
racket)and a racket with the handle held Ftrlnly.

Figure l shows the impact points of a test racket duHng expenlnental modal analysis using the

iinpulse hanllner EnethOd 7) il)-20).     The black circle represents the attachment polnt of the
accelerometer. The test racket, including the strings, had a mass of 360 g, a tOtallength of 680 min,

a ball striking surface area of 628 cm 2{97 in 2},and a center of gravity at 308 1nm from the gnp end.

The inertial moments around the center of gravity and the grip(70mm from the end)were 13.l gm 2 alnd

33.5gm 2,reSpectively. The string tension was 246 N{55 1bs}and the mateHals used were rlberglass,
graphite,ceranlic,and Kevlar.

Figure 2 shows an exatnple of the frequency response mnctions(compliances)and coherences found

using the average of 10 measurements for impact force and acceleration wnth an impact on the racket

frame(accelerOmeter position).  Figure 2(a)shOws the results obtained when the racket was placed

horizontally on a soft sponge during impact(freely supported)and Figure 2(b)shOWS the results obtained

when the racket was held flnnly(hand― held).  The sampling pett was 200 μs and the iequency
resolution was 4.8 Hz.Plastic was used in the halnmer tip 19). Figure 3 shows the results obtained
when the impact was at the center of the st血 g surface.  me pHrnary mode Of the stHng membrane

showed a remarkably pronounced peako When analyzing frame impact, care must be given in order to

avoid a double strike.However,the impact force spectrum stretches to a high frequency. On the other

hand, in the case of a stttg surface impact, the contact tiine between the halnmer and sthngs is

extended,and there the impact force spectrum does not reach a high frequency.

Figure 4 shows the vibration modal analysis results for freely supported and hand― held rackets.
Three― dimensional rlgures are also included, showing the racket from an angle and from the side.

The points that cross the horlzontal axis correspond to nodes of the frame vibration mode. Figure 5

shows the nodallines on the string surface. The boundaHes between the black and white regions
represent nodes. The racket in the rlgure shows that starting from a low frequency, the modes proceed

from 2 node frame bending(primary vibration mode of a racket)thЮ ugh 3■ ode bending,2 node twisting,
and a one― dimensional membrane mode for the stringso When the strings are not present,the natural

frequencies of the frarne increase by approxunately 4%.  However,strings have almost no erect on the

position of the fratne vibration mOde nodes 7). In addition,the 4%increase is equal to the pЮ portion of
mass held by the stHngs relat市 e to the total racket mass. Figure 6 shows the results of a deta‖ ed

Fig。 l Racket impact Points and acceleration ttneasurement positions.
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Fig。4 Racket vibration modes。

investtatiOn Of the positions of the pttary宙 bration mode nodes on fttely supported and hand― held

mckets. At alow lに quency,the cantふ、r mode 20)that appear when the Fip is secured in a宙 se does
not appear宙 th the hand― held racket.The resulting宙 bration modes are slmilar to the meely supported
racket modes. h測 田tion,although the mequency drops slightly for the hand― held racket compared to
the lh〕ely supported racket,the positions of nodes on the strhg surface are nearly identtal。

With a 2■ ode nlode, prEInary vibration, the posith ofthe node on the handle for the hand― held

racket changes somewhat from the held posithn. In addition,the mme vibration damping fOr the halld
―held racket was larger than that for the freely supported racketo  These phenomena shound be
investttated in the mture as they clearly play a role when宙 brathi transmitted to the hand is considered。
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(a)Freely supported(racket handle is nOt held)

(b)Hand― held(racket handle is held)

Fig.5 Racket vibration modes(Node positions on strlng surface)

(a)Freely supported  (b)Hand― held

Fig.6 Node positions ibr priinary racket vibration lnode.

3. IMPACT MODEL OF HAND― HELD RACKET AND BALL

3.l ⅣIcasurement of Contact Time Using Halnmer Strike

ln the case of irnpact sports, the contact time(tilne between ball contact and separation)is an

important parameter for deterlnining the speciFlc characteristics of the sport.  The beha宙 ors of the ball

after impact are detennined du‖ ng this short contact pedod。

In order to investigate the erect Of a hand― held gHp on the contact tiine oF a racket, the stHng

surfaces of hand― held and freely supported rackets were struck using an impulsc hammer(1lnpact
points 25- 68 in Figure l).  The COntact time was then deterrHlined from the impact force wavefom

(Silnilar to a sine har― wave).  Figure 7(a) shOWS the contact time for a freely supported racket and

Fig.7(b)shOWS that for a hand― hend racket. The contour l旋 s are also shown in these flgures.

The contact time did not change greatly when the grip was held.  Thus,the contact time appears to

renlaln relatively constant upon impact,regardless of the grip condition.

3.2 Experimental Modal Analysis of Compound Ball and Racket System

Next,an experilnental modal analysis was applied to a compound ball and racket system in which the

ball was adhered to the center of the racket string sutface.   Figure 8(a)shows the pnmary vibratiOn

modes of the compound system. The ball and fralne show mutual pushing and puning modes through the

stHngs(blaCk and white regiOns move opposite each other)。    The 1/2 cycle for the pHinary vibration

mode of this ball and racket system appear to correspond to the contact tine duing impact. Figure 8(b)

shows the impact force wavefom when a point, slightly away fЮ m the contact point of the ba1l on the

string surface,is struck by an impulse hammer. Figure 8(c)shows the response acceleration wavefom

ofthe frame neck,measured at the salne time as the impact force in Fig.8(b)。     Figure 9(a)shOWS the
compliance of the racket alone(withOut the ball adhering), Whereas Fig。 9(b)ShOws the compliance of
the compound racket and ball system.  A new naturalfrequency appears at 103Hz in Fi。 9(b).  ThiS
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peak is not found in Fig。 9(a).  ■ e natural frequencies of the frame do■ Ot Change even when the ball

is attached.  The vibration seen in the initial period of the frame responsc h Fig.8(c) is the 103Hz

宙bration mode when the ball moves back and force in the direction opposite the frame through the

stHng surface. After this mode has decreased(after approxlmately 2 cycles),the mode becomes a 2

node bending vibration of the frame at approxinately 120Hz.

Similarly,a racket with almost identical mass,but approximately 4 times the frame JLidity was tested

by the salne protocol(data not shcDwn).      Similar results were obtained with respect to the

recipr∝ating motion of the ba1l on the stHng surface. Thus,in the case cf a ban adhettg tO the center

of the string surface,the vibration ttsochted wnth lifting and dropping Of the ball does not appear to be

afFected by frame ngidity.  These results are in agreement with a previous study:1)that reported that

contact tllne hardly arected by frame rigidity duttg actual ilmpact tests using a ball and racket.

Thus, frame rigidity and frame vibration ettcts can be considered negligible with respect to contact

tilne,and therefore only inass distribution need to be considered.   As is disctlsSed in Section 3.5,when

contact time is considered to be independent of frame rigidity,appro対 mate nonlinear impact analysis can

be perforlned.

3.3 Considerations Assocnated‖ th COntact Time between Ball and Hand― Held Racket

Consider a ball that directly inpacts a stationary racket with a rignd frame at a velocity of 
フ動.

Assume that the racket rotates around the gnp position. The distance between the racket support point

(grip position)and the impact point is denoted IIA, the inertial moment around the racket support polnt

is denoted ゑ (=■残た42,″ R:raCket mass,カス:rotation radius), and the angular velocity immediately a

fter impact is caned ω .  Under these conditions,the fo1lowlng equation can be expressed r the law of

angular inomentunl conservation is applied relative to the grip support point。

“
a yBoLス =解β yaιス十f4ω

Based on the geometric relationships,the velocity 7R Of the racket mpact point immediately after impact

can be expressed as fouows:

レЪ=ωιス ・…………………………・・…………………―…・(2)

hヽen ω is removed from equations(1)and(2),the f0110wing equation can be written:

″
`ん
。=″3/3+(f4/L%)降

When the relationship in equation(4)is applied,equation(3)becomes equation(5)。

〃″=み/Ll=〃′晟/L仏・…………………・…・(4)

″
`協
。=″ah+″ ァ/P …………………… (5)

The symbol PIr expressed in equation(4) referS tO the reduced mass at the impact point for a racket

rotating arOund the gHp pOsitlon.

When the racket rotates around a support point 70m■ lfrom the gnp end(Center of the standard hand

器盤電Ftttn譜高F塁H[」掘rT響 l臀TSぷ潔寧ぷ[∴精鷺驚障驚:麗
t麟

little d」コerence.

In Section 3.2,the contact time during impact was assumed tO Correspond to 1/2 the prllnary vibration

cycle for a ball and racket system with the ball in contact Чttth the st五 ngs. Under this assumption,the

contact time atimpact is assumed to depend on the reduced mass ofthe racket.  It is seen that
the contact times did■ Ot dttr remarkably between the hand― held and freely supported rackets in

Section 3.l because the reduced mass of the rackets did not direr.

3.4 0ne Degree Of Freedom Ball and Sting Model and Outline of lmpact Analysis
As shown in the high― speed宙 deo piCture in Fig。 lo,in general, only the side of the ball contacthg

the strings is defomed during IInpact.  Based on this Flnding, a ball with a point mass concentrated in

０
０
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Fig.lo Ban defOmation during impact with racket

the center was assumed to deforln o■ only one side during string cOntact. Applying this assumption and

using actual measurements of load and defomation of a ball and ball and string compound systenl, the

ball restoHng fOrce characteHstic FB, stnng restOHng fOrce characteHstic FG, and compound ban and

string systenl restoHng force characteristic FGB were deterrnined by the least squares lnethodo    Next,

the derivatives were found for the equations related to displacement X of restoHng forces Es, FB, and

FQB and nonlinear spHng rigidity κθ, IC〕 ,and κGB were calculated as a function of displacement (11).
The energy 10ss duHng impact between the ball and stHngs was cOnsidered to be the rebound

coericient ιぉ
`,(ball rebound velcDcity/incident velocity)under impact conditions in which the racket head

is flxed around the stHngso   Within the impact velocity range dunng nomal play, the actual ιβc is

all■ost independent of string tensiOn and impact velocity. Furthemore,frame material does not appear

to influence this valuc ll) '7).

Based on considerations outlined in Section 3.3, the gHp portion of a hand― held grip was assumed to

be a pinjoint.   やVhen the reduced mass lイ r at the racket impact point is introduced and the above

rebound coefficient ι,c is used,  the systenl can be analyzed using the nOnlinear spHng κθ″ of the

compound ban and stHng system as the impact between a ban with mass夕 ηぉ in the center and a racket

with reduced massコ 物レ (li'(17).   In Other words, the baH and string impact factors accompanying
large defomations(nonlinear defomation)can be analyzed using an approximation with a one degree

of freedom model and assuming a Hgid frame, as described in Section 3.5.  Impact forces found by

approxiination analysis are then applied to the vibration model of a racket identified experiinentaHy as

a linear system with small vibration amplitudes,as shown in Section 4.

3.5 Approximate Nonlinear Analysis of lmpact Force and Contact Time

Consider an impact between a racket with a hand― supported grip and a ban with mass夕 20′.  The

strike velくКity of racket head is ym and the pre― impact baH velocity is ■、.    Using the rebound

coefficient ιβて,(correSponding to the energy loss of the ball and strings), When thelaw of momentum

conservation is applied to the impact between the baH and racket,the ba‖ velocity 7/1 after impact can be

determined if the racket frame vibration is ignoredo   The impulse during impact can be calculated from

山e follo宙 ng equado‐

  /F(め
″ =解βちο―πBん … … … … … (6)

The contact time can be expressed using equation(7) when 1/2 the natural pe● od of the systenl,

consisting of bam mass夕 22ぉ, compound ban and string systenl spring rigidity Kc‐ ど, and reduced racket
mass Mv at the strike point, is assumed to be the contact tilne.

/83

乃 =π″ν2/[κc,(1+″ B″ァ)]"2 ……(7)

However,the spHng五 gidityス降β of the compound baH and string system is ■onlinear and changes over
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time duttg impact,dependhg On the extent of defomation and inpact velocity ll). 15)。

To simpl彎 the analysls,the change m mpact force over tlme is discussed later. In this sectlon,the

equ市alent mlpact forceさぃ 、 which is constant du五ng inpact time rc, Is introduced. Thus, the left

part of equation(6)can be expressed as:

/F(の
″=鳥E想°■…………………(8)

From equations(6),(7),and(8), the relationship between ttv and the ccDrresponding spmg rigidity

κω can be detemhed when the inpact vel∝ iw iS given as follows.

FMEAN=(780-И
")(1+θ

Bc)″ν2

Xκ″/(π(1+″″′″r)1″}・・・……………̈…(9)

In tht calculaticDn,the ball t assumed to impact a statitt racket and the racket velocity before

impactis yRa=0.
On the other hand, based on the restoring fOrce charactedstics detemhed experlmentauy, the

equivalent force can be expressed as a mnctiOn Of the compound sping ngidity as shcDWEB be10w(11)。

FMBAN=funC。 (■亀3)

The equivalent inpact force F■ ―  and Й66B are determined froln equations(9)and(10) When the

impact force is given,and the contact tШle is obtained from equath(7)。

F亀

"res ll and 12 show the calculated results obtained for F―

and rc when the ball velocity was

va●ed and the impact occurred at the top of the st」 ng surface,in the middle,and at the near。
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3.6 Approxlmation of lmpact Force Wave fom Acting On Racket Surface

The impact force wavefom  (vanatiOn over tlme)arects racket vibration. Therefore,under constant

impunse cOndition(equatiOn(8)), the impact force waveform is appro7anlated using the har sine pulse

shown at the left in Figure 13.This wavefom t sinuarto the actual measured wavefom andお
expressed as follows:

F(′ )=FMAX Sin(πr/■ )(o≦ ι≦7b)・……(11)

‐ e integration ranges IOm zero to Tc and the mttunI F― of the hapact force is F― =π FMM
ll)
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4. Ⅵ BRAT10N AMPLrUDE AND REBOUND COEFFICIENT PREDICr10N FOR HAND
SUPPORTED RACKET FRAME

4。 l Vibration Amplitude for Hand― Suppoied Racket Frame
The Fourier spectnlln Sの (チ 宙bration ttquency L)is shOWn at the right in Fng。 13。 Within the
mDquency range,when the impact force component at a pointノ On the racket surface corresponding to

the tth宙 bration mode of the racket(natural■ equency ω l=2πル)is eXpressed as,(ω り,the
response amplitude component ttk of the kth mode at point ゴon the racket can be approxlmated by
equation 22)

為々=/″ *々SKωヵ)=留櫂
ム*島(ω.)… (1の

Here ttl is the residue of the lth vibration mode between sonle pomt i and some pointプ 。 lhe s,噛bol

″o■ is the known residue, obtamed tom the experIEnental modal analysis,between impact point i on the

racket and flxed response pomt(祀 たrence point)0. The symbol可 1(=切吹)iS the known residue between
st‖ke pointブ and reSponse pomt O,and,7001お the known d壺К point residue at the referellce point(pお k
up).

Figure 14 shows the estimated宙bmtion displacement amplitude(only fOr pnmary宙 bration mode)
mmediately after bau hnpact On a n℃ ely Supported racket(a)and a hand― held racket(b)。   TheSe
examples demonstrate an lmpact at the very end of the string surace at impact velocities of 10,20,and

30m/S, Although the amplitude at the end ofthe frame is somewhatlarger for the hand― held racket

compared to the l睦 ely supported racket,the vbration displacement amphtude distHbution is sh=ar in

both cases. Furthemore,the mpact at the center of the string surface resulted in small vibration

alnputudes for both hand― held and■にely supported rackets.

′85
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4.2 Rebound Capab五 ities of Hand… Hend Racket
Rebound capab」 ities can be estimated by consmering the energy loss due to large instantaneous

defonnatio■ of the ball and string,energy 10ss due to rotational rignd bOdy movement of the racket,alld

energy loss due to frame宙 bration.  The estimated rebound coerlcient for a ball hnpacting a freely

supported racket are ln good agreement with the expentnental resu■ s obtained using a suspended racket
i5).

Figure 15 shows the estinated rebound capabuities when a ban with a vebcity of 20 m/s mpacts a

腱 ely supported racket and a hand― held stationary racket.  The rebound capab遇 ity in this case is
expressed as a ratio between ball rebound velcDCity and hcident velocity.  The black squares represent

the hand― held racket and the black diamonds represent the freely supported racket. Although the Open

squares represent a hand一 held racket, the vibration charactenstics were identiFled under the condition

of fredy supported. The black and open squares almost completely overlapped.The hand― held racket

(blaCk Squares)demonstrated slightly better rebound characteristics than the Jヒ eely supported racket

(blaCk diamonds)at the end ofthe stHng surace.
In Fig.15, the lack of direrence between the black and open squares demonstrates that vibration

characte五stics conceming rebound capability used to evaluate energy 10ss due to mme宙 bration for

a hand― held racket can be determined by substituting the■ eely supported racket. Thus,the problems

assoclated with hokning Onto the racket dumg the haminenng expengnent can be elinlinated.  In
addition, the imprcDved rebound at the end ofthe st‖ ng surface demonstrates that the reduced lmass at

that location is greater for the hand― held racket than the freely suppOrted racket.

In an actual swing, the racket velcDCity dttrs according tO the impact location i').  Furtherrnore,

the bau vel∝ ity after impact t also related to stroke type and play styleo Therefore,physical body

movements lnust also be considered during analysis.

eavaln
lnddmt"1∝

""mrs
Ban

→

C   D   E

¨ oF軸田

Fig■ 5 Predicted ball rebound vel∝ ity(comparison between hand― held and freely supported rackets)
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5. CONCLUS10NS

The primary findings Of the pre,ent Study can be summarlzed as fo1lows:

(1)The frequencies associated with hand― held rackets is slightly lower than that of freely supported

rackets. Although the position of the vibration■ odes on the handle change slightly,vibration mode does

not differ remarkably between the two.

(2)String surface hammering demonstrated little direrence in contact the between the hand― held

and freely supported rackets.

(3)WVhen an expenlnental FnOdal analysis was applied to a compound ball and racket systenl,a pulling

and pushing vibration inode through the strlngs was discovered between the ball and frame. The natural

pe‖od of this vibration mode was■ ot dependent on the frame rigidity.

(4)Estimated racket vibration amplitude during impact with a ball did■ ot difFer remarkably between

the hand― held and freely supported rackets.

(5)The eStilnated rebound capability was slightly higher for the hand― held racket at the end of the

string surface.This is likely due to the greater reduced mass of the racket at the impact location.

(6)The hand― held racket can be replaced by a freely supported racket m order to identr,racket

vibration characteHstics related to rebound capability without greatly iduencing the results.

ACKNOWLEDGMERTTS

The author wcDuld lke to thank the Sports Division of Yamaha Co。 ,Ltd. for proⅥding test rackets

and matenals.  He would also like to thank Dr.R.Tanahashi of the Tanahasl■ Appllied Mechanics

Laboratory, and Mr.R.Tomosue ofthe Sports Medicine and Science Laboratory for their helphl
discusslons.

REFERENCES

l)Watanabe,T。 ,Ikegami,Y。 ,P【iyasita,M.,Medicine and Science in Sports,Vol.11(1979)。 359.

2)BakerJ.AoW.,Putnum,C.A.,Research Quarterly,Vol.50(1979),164.

3)Elliott,BoC。 ,Medicine and Science in Sports,Vol.14(1982),348.

4)Grabiner,M.D.,GroppelJ.L。,Calnpbel,K.R。 ,Medicine and Science in Sports,15(1983),542.

5)Knudson,D.V.J.Of Human Movement Studies,17(1989),1.
6)J.L.Groppel et al.,IntJoSport BIOmech。,3(1987),142.

7)Kawazoc,Y。 ,Dynalnics and computer aided design Of tennis racket(The inauence Of sOme factors on
the mode characteHstics and a宙 ew of optimum design),Trans.JSME,Vol.56,No。 526(1990),pp.1511-

1517.(in Japanese)

8)MatuhiSa,H.,Honda,Y.,Hira,S。 ,and Sato,S., Vibration analysis of tennis ball,racket and am,Proc.ofJpn.

Soc.ⅣEech.Eng。 , No.900-14(1990),pp.12-14.(in Japanese)
9)Takatsuka,M., Simulation of racket impact with simple model,JSME D&D'92 sympO.,No。 920-55(I)

(1992),pp.73-76。 (in Japanese)

10)Yalnaguchi,T.,Onuki,M.and lwatsubo,T。 , Optimum design of a tennis racket,TransJSME。 ,Vol.58,No。

551,C(1992), pp.2165-2170。 (in JapaneSe),
11)Kawazoe,Y。 ,CAE of tennis rackets with impact phenomena(Prediction of racket response and a Ⅵew
of restitution in racket― ball impact),TransJSME,58-552(1992),pp.2467-2474。 (in Japanese)

12)Kawazoe,Y.,Impact phenomena between racket and ball duHng tennis stroke,heor.and Appl.PIech.,

41(1992),pp.3-13.

13)Kawazoe,Y.,CAE of tennis rackets uttth inpact phenomena(The erect of strings tensiOn on a ball―

racket impact),Trans.JSME,Vol.59,No.558(1993),pp.521-528。 (in Japanese)

14)Kawazoe,Y.and Tomosuc,R.,Impact vibrations of a racket handle and the wristjoint in tennis,Trans.

JSME,Vol.59,No。 560(1993), pp.1001-1∞ 8。(in Japanese)
15)lKawazoe,Y.,Analysis of coerlcient of restitution during a nonlinear impact between a ball and strings

considering vibratiOn lnodes of racket frame,TransJSヽ lE,59-562(1993),pp.1678-1685。 (in Japanese)

16)Kawazoe,Y.and Kanda,Y.,Analysis ofimpact phenomena h a tennis ball… racket system(E“ ects of

frame vibrations and optimum racket design),JSME IntemationalJounal,series C,Vol.40,No。 1(1997),



r88 Y.KAWAZOE

pp。9-16.
17)Kav7azoe,Y。 ,JSME Sports Ehc.sympo.・ 92,No。 920-89(1992),pp。74-80。 (in JapaneSe)
18)NaratsuA,MOdal Analy8L,Bttm― kan,pp.124-126,pp273-293,1985。 tin Japanese)
19)Kawazoe,Y。 ,Proc.ofJpnosOc.Mech.Eng。 ,No。900-44,氣1990),pp.507-510。 (in JwaneSe)
20)Kawazoe,■ ,ProcЮfJpnoSOC.M∝ h.Eng.,No:g厠卜59(19903,pp.222-224。 (in Japanm)
21)Kawazoe,Y。 ,ProcJJpnoSOC.MechoEng。 ,No。900-44,B(1990),pp.m7-510。 (h JapaneSe)
22)L77aZOe,Y。 ,ProcJJpnoSOC.M∝ hoEn3,VoloC,No.910-α ,(1991),pp.187-180。 (h Japanm)
23)Kawazoe,Y.,JSME Sports Eng.sympo.・ 93,No。 930… 69C1993),pp.177-182.(in Japanese)


