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Prediction of Impact Shock Vibrations at Tennis Player's Wrist Joint
(Comparison between Conventional Weight Racket and Light Weight Racket
with Super Large Head Size)

Yoshihiko KAWAZOE*I, Yukihiro TAKEDA, Masamichi NAKAGAWA, Federico CASOLO,
Ryoso TOMOSUE and Keiko YOSHINARI

" Saitama Institute of Technology. Dept. of Mechanical Engineering
1690, Fukaya, Saitama, 369-0293 Japan

The lightweight racket with handle-light configuration and large head size is recent tendency of high-tech tennis
rackets, increasing power or post-impact ball velocity with an increasing racket swing speed. This paper investigated the
performance of lightweight balanced racket with super-large head size with 120 square inches in terms of feel or
comfort. It predicted the effect of the mass and mass distribution of super-large head sized rackets on the impact shock
vibrations of the racket handle and the player's wrist joint when a player hits a flat forehand drive. The prediction is
based on the identification of the racket characteristics, the damping of the racket-arm system, equivalent mass of the
player's arm system and the approximate nonlinear impact analysis in tennis. A lightweight balanced racket (mass: 292
g, the center of gravity Ls: 363 mm from the butt end) and a conventional weight and weight balanced racket (349 g,
Lg: 323 mm) are selected as representatives. These two super-large head sized rackets made of carbon graphite have the
same head size and same geometry. The result showed that the shock vibration of the lightweight balanced racket with
super-large sized head is much larger than that of the conventional weight balanced type racket. It also showed that the
sweet area of the former in terms of the shock vibration shifts from the center to the topside on the racket face compared
to the latter. This is because the location of the grip on the racket handle is further from the location of the node on the

handle of the first mode of lightweight balanced racket than that of the conventional weight balanced racket.

Key Words : Dynamics, Sports Engineering, Impact, Tennis Racket, Shock Vibrations, Wrist Joint, Super Large Sized
Racket, Weight Distribution, Experimental Modal Analysis
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Fig. 1 Impact model for the prediction of the shock force transmitted to the arm joints from a racket.
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Fig.5 Stiffness vs. deformation of a ball, strings, and a
composed ball/string system assuming that a ball
deforms only at the side in contact with the strings.

Fig.4 Restoring forces vs. deformation of a ball, strings, and
a composed ball/string system assuming that a ball
deforms only at the side in contact with the strings.
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Fig.6 Measured coefficient of restitution (COR) between a ball and a rigid wall.
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Fig.8 Non-linear impact model of a ball- string system.
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Fig.9 Comparison between the measured contact times
during strokes and the calculated results.

Fig.10 Calculated shock shape when a ball strikes the center
on the String face at velocities of 20 m/s and 30 my/s.
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A () =drd 1= S,( D) [1/ ( Mg+ My)— (al [)X] “2)

ZITC X 3T v—Y—DOFORYONMEL T 7 v b - PEROFEL L OB, o377y b - ROBELE R B
U > ZHDOR—NVEFALE & OERE, 1,137 7 v b - BEROBELE Y OEWE—A L FTHLH. FEBEEIED

5. 57y by FILEFEEFHORBIIEER S OF ik

HHEZZHABY Z 7y helbRp L, BPTCX2ET7 7y M3, 77y NOBEFERSE T IR L, 1RO 2
Hit T E AR O~ BV EOEIONENTOIR Y ONEOFHIIZN By 7 b5, S5, HHAREHRBY
F v heB L, FCEXT77 vy hOFEEBEEITE LERTS. LrL, MEDOT7 > b7 L—A0DH]
HRENRIE AT I ZIX R Z ZGEVRR. Ty AV RAH WX FEREENE i 128025 bk RIRENE— Rk
DX (O IFETOXIICRT ZENTED.

X O=rijx Soj(27fi) exp(2 7 fi { i 1) sin2 7 f 1)

LMo T, 77y by RAHLWVIETEBIENE i 1280 AIRENEE O &k RE— R4, (DI
TOXIITEKFTZLNTED.

A0 == Qufi) *rijxS 0, Qrfi) ep( - 27f 5 $ i 1) sin( 27 fx 1) 43)

=770, j A MY U THEEOR =L OmEEAE, ¢, 1ZFEDLT Y FO k RE— PSS OHEER
FIFFEBEES OB Cwi THY, Sy, Qnfi) FRBODT—V AT N T A THD. K (42)& X(43)D
AT oy by RVE I3 F E B O MR IREN N 2 £ 7.
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B 13T T L — =BT+ TN R e A ba—2 (77 v ) TR-AZITETLIERRERTHY, X 14
T E B, MBIENC RS LT R BRI LR O I EEZ R T HEETHD (T 7 v by RARITER) .
151377y b - BiROEL G 77 v POHELDL G, OHITHS.

M 16 X FEES OERESHMEE O THFEREZ 7+ 7 N RA M —27 2B 5 FERFER KR LIZ S
DOTHY, AN TEHOR—/VEOEZENEILLIHMTH Y, HEHEEIL 30 m/s ThDH. EHRESIHE
FEIER42)B LOR@3) 2 AV, @RS L 7 L—ao 2 fgifhS, 3 #ifhS, 2 #inry, 2 b oS mEER
1RO 4 SOREE— R EBEB LTS, ZOBEOTry ME, MEL: 79774 875%, 774
IR—=2"F Z 20 %, =DM 5%, &K :685mm, 7 =—AMHM:100in> TH5H. A MU V2Ea0EE 342,
AN RV D B E CTOMEE : 310 mm, FLED OEEE—A R 1142 gm’, ARY T T v gy
(R HMRVIET)) :601bs. THD. 77 v b -BROEONLEIT N RSN 131 mm (T3 7 FLTWD.
Bl 16 IZBITDRMYDORERE—T1TA 37 MBI AEREEYHIRENICLI 2D THY, TDOHITHL D
X7 L—2ORBRHTHD. EHRIESHIAR L DA 8T ML DEEN Y &7 L — AORET— ik
TNHIRY, ENENORSIE, EPEEE, XN VRO ENE, 77y by RO ONE, 7
7y NOWERREICKTE LT, ERENORERIIE KE S &2 Lo, ERMFEEMKRICED &, EBEOT =X
DA X7 NIBTFDFRELT 7y OWEK (g 135EBRT— FENTIC T 2/ MEEREE O A RiESE)
T—ROHE : Cp= 0024).0 25 5 Tho7o. SHIC, FHEBEHREOBEL (w T TFHDLOT 7y by
RLd 30 (5 CThote. FEHBHSOBERIEEO FHRKFIL, L —Y—ICLDEEDO 7+ T NITRICE
D IR OFEEE 2D LS RLTND.

T L—Y—DREEFREITZENEN 60 kgw, 170 cm ZHELTEY, ZOHAD Y RAERICHRE L=
L—Y —DOEE B M, 1 097ke, £ 1.0kg TH5.

B, T—Y—INFTHZTT 7y NORFEINEE e (= -V | Vao) D3N RVENTHR LT-7 L —Yy—DEE A ]
IMUT=Z 7 OBADORIEI R e S1HF—Ed D Z EFERICHERS L TnD )

Fig. 13 Experiment where a male player hits flat forehand

drive
685 502
35 0 h pluﬂv Wrist
310 |/
&350 -50
A B.C DE BEHS i/_‘_ 0 (a) predicted Uits
70 o hﬂ ~ Wrist
0 |
MR MH -50

(b) Measured 01s

Fig.16 Predicted shock vibrations of a wrist joint
compared with the experimental.

Fig.15 Center of gravity in a racket-arm system
(Racket:IMP-3 )
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6. BEXEAY FZELOUREERS 7y FERREBHS 7y FOFERMBEIRE T AREROLEE

6.1 T=RZ47 vy MBSO LEEE

X 17 13RI~ B A X 120> OB —R 7T 774 FUT 7y MRt £ 11, ECEEEMT 7o K
EOSI120H & B EA T &k EOS120A OWERRFESERANE A2~ 3. 7272 U, Loy 13 FOE D OEMEE—A 2 1,
Igp 13N> RVERDA D 70 mm O Y OALEER Y OIEME— A 2 b, Iy 1747 > MEE#E Y OEEe—2 2 b
Ths. 7% v N EOSI20A (ifldh) 1%, REMRBESIANZ L ADT 7y N THY, AN U 72518 292
g, N RV S EOLE £ CTOREE 363mm THY, 747 > h EOSI20H GRIEM) 1%, REMRECREER
NG UADT Iy b THY, A ) 7 E2ETER 349 g, /N RSN G BEILE £ TORHRE 323 mm ThHD.
W75y~ OMERHS L O ARIRIZIZIEE L.

18 1%, A= T 7w MEEIER EOWANAT(TEIZHEZE LTz & & DNy RVEE D OALE O i RKE B nE
ETHHETHY, ) BERHEHBY Iy b, b)) FRLI7y s My =10kg) OHAETHS. W77 v b
DFEFIIRE FRVD, TL—F =0 RVEICHE LB &L, W77y NOFEREEOE e 2 2%
LR SE 5.

Table 1 Physical properties of rackets

Racket EOS120H | EOS120A
Face 120 120
.2 .2
area n 1N
Total 27 in 27 in
length (685 mm) | (690 mm)
Mass 349 ¢ 292 g
(+Strings) (MH =0kg) (Mu f‘10kg)
Center of 323 mm 363 mm 566 M
Gravity 400 40 1
Iay 16.0 g*m” | 14.0 g-m? 6 a00 | 5 30 |
- - \Tg 200 | 8 20
Igr 38.0 g'm 39.0 g'm ) £ 10 b
; Top side mf;/» < Top side
o , SN WIS W—
Qo : : . + <
lax 221 gm? | 1.78 g-m? % -0 -100 - 50 100 1§0 2 p S0 100 1o
e 0 r . i~ Near side
5 Near side [¢] |
-200 | x
Tst 142 Hz 137 Hz 3 S
£ = -300
req —A—EOS120A
Strings 79 Ibs 79 Ibs 400 oataon T —cosizon
tension Impact location Impact location
Reduced 205 ¢ 206 g
mass (2) a freely suspended racket (b) a hand-held racket.
Fig.18 Predicted maximum shock acceleration at the grip: impact velocity 30
[m/s].

62 S v b2 FILODERIRERIED LLBL

191%, R—ANRA LY o7 EEdh EOAFT A BDF 8L O EAHTA B, HLT A D, oS F 2z
NGB OFTHICE IR Uiz & & DNy RS 70 mm OFEEEC 3 D48 0 ONLE OHREINH FE IRNE R 2 TH)
il (BIRERAME, G9.8 m/s*) Z/R"d. HHRERY 77y FD 4 SOREHT—F2EE L T\5. EkER
Z 7 h EOSI120H (ZHAT, #%EAZ &7~ k EOSI120A OIREIINEAENZE L < K&V, ToHEMIE, K20 0
1R 2 Figh FIRENE — RN\ T, EREER T 7y Ny RV EOFIONLENR N KWL 0.14L Th
HOIZK LT, BER T - NI 0270 ThH Y, £ZEHERY 42 D OfLiE 0.10L (70 mm ) HEEL TV ANG TH 5.
Fio, EREEMOAA — b U TRA MY U THEERIIENOIZK LT, BEROZ A — ARy FAHL)
5AEHHAIZT Y 30 mm OB I H D DB TH 5.
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500 ——EOS120A
00 ~0—E0S120H

Vibration (G)
— N W

600 ——EO0S120A
500 ——E0S120H
© 400
S
®
S
=
0 20 40 60 80
D mm
—&—EO0S120A
600
—~—eosj20H | 8
—_ — 500
< e 400
S § 300 ——E0S120A
© s
§ § 200 ——EO0S120H
100
I e A 0
-150 -100 50 0 50 100 150 0 20 40 60 80
Topside Center Nearside F mm

Fig. 19 Predicted maximum peak-peak vibration amplitudes components at the grip (impact velocity: 30 m/s) when a ball strikes the
various locations on the string face of freely suspended rackets along the longitudinal axis and along the short axes at the
topside B, center D and nearside F, where the four vibration modes of freely suspended rackets are considered.

. =
o oo o
(- Y B | (]
(= B 5| o o
0D go o
o -
0.14L i

0.64L

L=685mm

(a) EOS120H:Conventional weight distribution  (b) EOS120A: Super-light top heavy

(349 ¢g) (292 g)
Fig.20 Locations of vibration node on the racket handle of the 1st mode of two tennis rackets.

63 S v b\ FILOEEEERTOFAFERO LS

21 1%, A—VBA N 7 mEEOK+T 5 B,D,F B8 L OV B, F0LHTA D, WRyTfilFT s F 22
ORI I DFT ISIZHEZE LTz & & D~ RVEED D 70 mm OFEEEC 3 518 W ONLE OEFERIRENIR R OT
HHER (G:9.8m/s®) Z/nd. MZSEEIL 30ms THY, HHAERY 77 v FOEREKS & 4 SOEHE— F
Koy EBE L TWD. JEREREMT 7 v b EOSI20H O5 @It~ T, &R T 7~ b EOS120A DA (b)D
EFRAREN I 23 L < K&V,
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G Impact location B G Impact location B1 G Impact location B2
500> 500g— 5005 — __
Ofv 04 0y
-5004 .500 L. -5001%
0 01s 0 01s 0 0.1s
5009 Impact location D 500(:3 Impact location D1 500? Impact location D2 .
0 0f 0}
-500 -500 -5001L,
%00 0 01s 0 01s 0 0.1l
G  Impact location F G Impact location F1 G Impact location F2
500 500 O
ok 0 0 o :
- ; -500 -500 £ I
300 0 01 0 01g 0 01g ;i;

(@ Racket EOS120H: 349 g

G Impact location B G Impact location B1 G Impact location B2
00— P 500 ¢ 5005— P !

0 ; VAVAVI\UAVF\VI\VI\V/\VA\’ A 0 ; VI\VI\V/\VI\VJ\V/\UAVr\"/\vrv\vnvn 0 ; VAVAVAV"VAVA PPAAAAAS
-500 -500 -500%%
0 01s 0 0.1s 0 0.1g
G Impact location D G Impact location D1 G i
500 500- p 500 Impact location D2
0 HHvarraronaragay 0 ; A AA I AAAAD A 0 E ﬂvﬂwﬂwﬁwhvl\.vhvAVAVAVanVAvn
-500 5 500 500
0 0.1s 0 0. 15500 0 0.1s
500(5 Impact location F 5006 Impact location F1 5000 Impact location F2
gﬂﬂﬂAﬂAAAAAAAA 3hhnnnﬁAnAAAnnn ghﬂhﬂnhnhnﬂnnn
05 YVVVVVVUVYVUY OE U'U\}U\JV\}V\]VV\/U 0: UU\JVVVVVVUUVV
-5006 -500 & -5001
0 0.1s 0 0.1s 0 ' 0.1s

(b) Racket EOS120A: 292 ¢

Fig.21 Predicted waveform of the shock vibrations at the racket handle on comparing the two freely-suspended rackets with different
weight and weight balance when a ball strikes the various locations on the string face along the longitudinal axis and along
the short axes at the topside B, center D and nearside F, where the four vibration modes of freely suspended rackets and the
shock component due to ball-racket impact are considered. The impact velocity between the ball and the racket is 30 my/s.

6.4 FEBASHOERREEREOFRFEROLE
7 L—Y —OF S OBBIEEEEO TR, K16 IR LEX 21, T L—P—NEBRZ T+ TR
AR B—7 TR—=IVEATE LI & & OFEPIIEORH#EE 120 LR L THHOMW,

X122 1%, A=A RV > ZE EOSFT A BDF 3 X OYEERET A B, T4 D, MBIcflFT A F Th
ORI ROFT SRICHEZE LT & & 07 L—Y—DO T RS OFRIEBIELE O PR (G9.8 ms®) %
R EZSHEX 30 mis ThHY, FCXATT7 v NOMBERNS S & 4 DORET— R0 2BE LT\ 5D. %
BEDOT = ADA X7 MZBITDFREL T 7y NOEBRNFEEIZ L APEE (1%, FEBRE— NETIZE
ém%%%ﬁmﬁﬁwa&%@%—%@%@ﬂ%ujﬁf@w,7v~%—@$§%%&%®%%mﬂﬁmi
HWEL Cw 1 EFHELOT Y by FARELRD 30 FTHHE LTTFRILE. fEREEMS 7 v b
EOSI120H OHA@IZHAT, BEA T 7 v |~ EOSI20A D54 (b) D T BRI OEE RSN 133E L < K&,
BRIy ROPEREETL T 7 v FOFTEREAS DR W EHERI S 2 OIZxF LT, BRIy RORERT 7 v
FOFTERBUT DM LW ITE 2 W EHERI S S,
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G ImpactlocationB g ImpactlocationB1 G Impact location B2
250 250

250 ; f =
o 0; — o
.2501 Wrist | 55 Wrist 250t Wrist
0 . 0.1s 0 01s 0 0.1g
G ImpactlocationD G |mpact location D1 G Impact location D2
250 250,
0 e 0 — 0 :
.2501 L PPN Wrist | 550l Wrist
0 “ods g o01s 0 0.4s
G ImpactlocationF o ImpactlocationF1 __ G Impact location F2
250 250 250E
0 — o} — 0 :
2500 Wrist 2501 Wrist L2500 Wrist
0 01s 01s 0 0.1s

(a) Racket EOS120H:349¢g

250

G Impact location B G Impact location B1 G Impact location B2
A 250 250

==
0H-A 0f-A N
7 - I 04
Wrist ikl i ikl i
250 2501 Wrist | 250" Wrist
0 01 ¢ 01s™ o 0.1s
250? Impact location D 250(:; Impact location D1 250(_3 Impact location D2
04 0fH ofAa
o Wrist i . Hv -
250t 2501, Wrist ) a5t Wrist
0 01s 7 0 01 0  0ds
G Impact location F G Impactlocation F1 G Impact location F2
507 2507 - 280, P
0 A s e
il wist | OV wrist | OH 'V Wrist
2505 =250 2505
0 0.1s 0 01g 0 0.1s

() Racket EOS120A:292¢g

Fig.22 Predicted waveform of the shock vibrations of the player's wrist joint on comparing the two rackets with different
weight and weight balance when a ball strikes the various locations on the string face along the longitudinal axis and
along the short axes at the topside B, center D and nearside F, where the four vibration modes of hand-held rackets and
the shock component due to ball-racket impact are considered.

7. #& E ]

N RV OBEEZERS LT Ry 7 =275 2 S X 0 ROEEA R T 20 CRELZ 1IN0, HYE
MTEOUEIZ LY ALV THEE T2 Z LI D RTU—%2HL, ~y FORAUKIZL Y 2 (BliEH) #HL
Tary ba— W HEZHETDH LN OREEDONA TV « 77 v NOFFETH 5.

AFLTIE, BRI~y R&2 b OBRERANLT 7 « Ty NOFTERIEICET 2 MREEZ I T T 572018, 32
BREVEEICEDSWN T L — Y —OF o B RIREN & THIT 5 — ke HliEa R L, TL—Y—N7 47K
RIALTTR=NETTy MHTET DL, Ty NOBEEBIWEESHN N KLET L —F—DFHH
HIEREERN B LIE TR OV THEA L. ZoTHEE, T=ADA 37 MBS T 7y Nt 747
v b =R ORI, 7L —Y — O REME R & ORE & IR IS TS, BB LU
AR DE LN — R 7T 7 7 A ML~ REFE 120 in® T 47 v MZOWT, RENRMERERRT
ANV 7 HETEE 349 g, N2 RV D EOLE E TOERE 323 mm & L, RENRRERMIA NY 7
ZETEE 292 g, N RVEDN D ELOLE £ TOMHEE 363 mm ZXR L Lz, fiiac 2T 5L UTO LI
5.
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() BREIAy RUEREERIANTZ VADT 7w MIHART, BRI~y RBER AT LV Z2DT =257 v M,
Ty by RAVORY ONER X OTE R OERRENE L < KE 0.

Q) ZOHMHIE, 1 %2 @HifiFEET— F GEAIRES) (LT, #ERERMAT VAT 7y b RV ED
BIONLE DS, FEAER) 728 W ONLE AN RAVHED D 0.10L (70 mm) T 5 DIk LT, /N2 KNS 0.14L TH
DHOIZK LT, BERARZ U ADT 7y MI02TL SR OMENSEEN TWSETH D.

(3) R~y RIERERRRANT 2D T 7y FOMBRIRENZET 2 A — b= U 7 A MU > ZHARITIA
WOIZKI LT, BERANT VADAAL — N ARy FSHFUL G IETF Y 30 mm OFENEICTH 5.

@) T —Y—OFEEBIEINEE O TRFERICES &, B8R~y ROWEKREER AT AT 75y RO
FIEREULOHEE W EHERI S D DIk LT, BRIy ROBERIANT U277y NOFEREIL O LW E X5
ZIRWEHERI S D,

&t 3
FEHD—NL, T=AT 7y bOMRZMGDTE L ) RAEIHE - TGRS 05T - ik R kit Gov
TANRHAR =Y FER) I TFERNEEE, ZLOEERT R ZARpE Lan v, B BILH L ET
. Fiz, HFEHIEE U TERBSCHERIERIC TN 12T 2 DA RIS b ERH#T 5.
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