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Ttie effectiveness of strakes !A sprb i s  considerably i n f i w e d  by the p l i t y  of i ep l emts  and equipmt 
[ r ape t s ,  balls, etc.]. The advantges of new d e i s  of sport i m p l m t s  wre rey~ltediy p in@ out [Croppel e t  
si, 19871. mwver, ?he aajority of erperimentai bvstigations vere devoted to  o ssMy of r a p t  and & l l  
proprties v i t bd t  i>y correlation viU human Sebq beysrd the process of h . m  activity ;&ich sufficiently 
restrains +& quality and pro~erties of sport i m p l w t s  . 

For a m p l e ,  t a l i s  raquets wre studied in laboratory conditions beirq freely, rigidly or prilmtically 
c l a w  [Wer e t  t i ,  1979: Elliot,  1982: Grabiner e t  a l ,  1983; Djarkov, 137:; 'na ta i i  e t  a l ,  1977j ih i le  t% 
ball rebomts wre  deternined by +&e string type and tension. 

We consider the 'pality ol sport apparatus ard implements [i .e.  raqwts, hockey sticks, ta i l s ,  flouncesj 
should be investigated under the natural mditions, coinciding tbe ergonomic properties with b u m  
biowchanical characteristics in the united &ole biorechanical systen. During the interaction of subject of 
impact j b d ,  f w t ,  raqwtj holding in hand] w i t h  ball one can w t  ignore the changirqs of mhan iwl  properties 
of system due to the another redwd eass, contact duration time and energy transfer m n g  bodies. In this paper 
nev a~proach 9f biooech.ica! study of impacts based on a nev s y s t e ~  'hwn body - sport implement - spr?  
appazatus - wdilua' i s  discussed and experimentaly investigated. The wtioned systen 1s mre coqlicated thin 
simple 'hmn bcdy' systen itself but at  the same t;ce i t  i s  pore deterainistic and bence, i t  mre adequately 
describes the sport techniqxs, vhich variations m o w n y  inplesent derni ra t ion .  

Works dealinq vim tennis provide considerations that raquet rigidly clamped in mech ic  f r a ~  ard rape? 
yrippeti ty band show different readiors t; b l l  impact of the =me velocity [Balakshin e t  al ,  198'; Hat.?, 
19751. Previously i t  was mentioned [Katzneison et al,l979] that human b2nd i s  affected by deilac?ing rquet  
oscilatians at  81 ar f r eq~e~~ t ' f ,  whi& is  close u thdt obtained with cantilever racket tighteninq on oen;h,Sur 
later Balakshin e t  a1 I19871 pointed out that duped raquet and raquet gripped by bard possess different dynmic 
responses to ball impact, vkch, according to Kimev [1988] , depend on riqidity and mass of i npc t  subject.The 
investigations carried cut by Balakshin et ai / 1 ? 8 7 ]  shored tkat cmdesirable frequencies, at vhiih rape? 
resonances gay appe!r, are determined not only by raquet characteristics [i.e. elasticity of material, 
cross-section dimensions, ~ S S ,  length] but also by of sportsman hand itself - its rigidity 
coefficient and mss. Koreover, htte[1976] discussed the &el and experimental evidence of forces and contact 
duration Ccpdence on qrip f i m e s s .  on the contra?, Grabhr  e t  a1 [I9831 opposed Elliot [I9821 and Hatambe 
et a: [1973] that i n t e r sepn t  riqidity of bi3mecSanical chain does not influence on impact n s s  and 
post-impact velocity of Sall. 

IIIEOrnII;U, IMDEC 
T!E classics! theory of impacts does not consider the deformation of bodies during the i p c t  relyinq on 

contact duration T->O and My displacement a -> 0. In reality contact duration and joint displacement of 
L todies in sport impacts have finite values [ Ivmva, 1978; brtonietz,  19751. While investigation of impdcts 

nature t 'e &ern theory of impacts hesides t5e classical speculations often uses met3cds of theory of ~ 
elasticity and wve aechanics [Alexandrov et a l ,  19631. 

Let iis consider the collision of two perfectly rigid bodies vith elastic intermediate element, which 
resistance force i s  proprtional to  compression : P = c a ,  where c is stiffness of quivalent spring or packing 
Mi a i s  coapressive strain of spring. Substituting P into the expression for the kinetic energy \, which i s  
transfeqing into the potencia1 enerqy Ap one obtains 

therefore the maxinu compression is  : 
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&re vo is tbe relative iqrct velocity of bedies , rl arid 9 are body msses. Th beimn inpact force is 

me contact duration is 

and body displa-t duriq contact is 

me time deperdence of force of hpact interaction i s  described by sinusoidal function: 

P = Pm sin ( t l ( 5 )  

P, 

The experhat vas carried olit to prove the necessity of introiuction of ncn-iqct forces into the i rpc t  
sodel besides the daaper coaponent. This dif icat ion was first noted by Aqashin(l977), but he r e d i d  this idea 
from the mtber  my. mE erperimental facts, allowing eo describe the behavior of h u m  s@ea di3ln GE 
impact phase, are ratber rrmuf f icient. Due to this the air of the experiments US to !id my e p i i m % !  
factors proviq the involvement of musc!e system i n  the dynaics of Sall aid hard interaction. 

High-speed filming, acce!ercqram, tens&ynqrazs, FXC of strokes allowed to correct the given ode!. 
The de@-nce a 1  = f ( P )  for soccer ball with static loading is shorn In Fiq.1 and gives evidence fc: 

linear behavior of c. Tbe t a l l  deformation during impacts in volleyball far n e r  (a )  ard fdr (b) field shots :s 
a function of contact duration with hand are given i n  Fig.2 (Ivanova et al, 1975). The diiference of loading &?ti 

unloading pulses is clearly seen fron Pig.2. The more the initial velocity of bail (bj, the grster  t!! araa o: 
unloading pulse: k>l. Bimbanical characteristics of motion cf experienced volleyball players in i q z t  phse A 

during the attack shot are represented i n  Table 1 and ccrrelation of cet t in  wcbdnical p r m t e r s  of 
with EX of a ,  flexor c a ~ i  ulnaris are given in Table 2 .  

Based on the model &?d erperimental resul's one u y  work out certain practical recomndatic?;. 
W a r h  valw of wmpression ( I ) ,  for example for string surface deflection or ball dei'o-ticn, is . 

increasing vitb increasing of impact s ~ j e c t  velocity ud decreasing b%,Ziile growing of iq:e%nt 3r hi! 
stiffness. This prawt$r i s  connected with k l l  ruling &nil *feeling1 of bail or racket. At ai. primq s tqe  ;' 
training in strokes it is useful to regulate the degree of stiffness of sport iqlement i n  accordance with 
physical conlition of player by increasing of compliance of racket or ball for better iapioveaen: of i t s  
elasticity Kd better 'Laclbf of ball in the plase of i ts  joint wtion with racket. 

12. kximua impact ffmx ( 2 )  TOWS with relative impact velocity qrowinq and increasirq of masses of 
interactinq bodies and i ts  zifinesses. For players in poor physical or technical conditions it is sensi!?le t o  
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use implement; vith mre soft intermediate e l e m t  to escape injuries but in this case one nust follov the 
sequence of d p n i c  s t w t u r e  of impact at the primary stage of training and &t for mster stroke. 

4 3 .  Inpct duration ( 3 )  i s  decrmsirq vith increasinq of packing rigidity and i s  increasing vith increasing 
of body msses but is hiependent on tbe velocity of impact subject. Contact duration is less 23 s being 
t8e ti= of mtion system reaction to response, this reas that no corrections are possible in this phase. T k r  

a the wtion control prqran is based on previously acquired &i!l of player. 'Re reduction of stiffness or w s  
cf ball yill  lead to  tle increase of contact duration but at the siwe time to tbe increase of l~ecbanical energy 

z losses in iapact phase and will contribute to formation of another notion prcjyran with different recoil forces 
and different trajectory of joht  motion of Mies. 

14. M y  displaceisent duriq ippact ( 4 )  g r a ~  with relative i w c t  velocity qrafiving and increasuq of sass 
of i~npact s l j e c t .  'Phe higher t!! rigidity of i n t e d i a h  element tbe ?.taller Ule body displacenuat during 
inpact. 

15. In caw k=l the bpact force is varyiy axording to  s b ~ m i d z l  law (5) .  In reality al l  eechanical 
systes posses the greater laadby plse than unloading one as tw restitution coefficient i s  always less tban 
1. 3perizenta: sMy of inpact pulses (Fig.2) sb3wed that intertctim of biowchanical chain vith elzstic body 
(bdli, for instance) m i f a t e d  by electrical activity of uscles (?abl: 2)  and restoration pulse is qr.;lter 
Lkan loading pulse. Restitution coefficient becomes greater than unity tbnt i s  impossible for rechanical 
systenrr. 'flumtl body - s p r t  i q l e m t  - sport apparatus - &iwL syster being & o p  bioiaechanica! systen 
diiovs SoM the supply and loss of energy durinq inpact and joint mtian of Dodies. 

The i r~s t iqa t ion  of controlled parameters of i q c t  provides data for coaches for aiafu! individual 
op:lffi!zat:cn of strokinq tecbiques, Post-iwcr h i 1  enerq is det'Lwd i n  contact phase and is aff&?ed by 
n u a r  of factors, amnq .Jhich besides t% pantioned ones i s  the loss of potential eseryy of elastic 
deforgtions aich failed to transfer into the kLrne?ic eneiyy due to the discrepancy htveen the impact duration 

natma: pricd of bcdy osci!lations. For 1301 transfer of eneqy of elastic deformations fnm one My t o  
co:nsr tie h p c t  dcrarijn ! is to k 1-5 tires :i?ber than the pricd cf naturd M y  os:illations. In spar??, 
ternis C3r j s r W e ,  tle natural freqwncy fcr free raTjet and r a p t  gripped by hand differs. To increase th 
transfer cwfficient of eqerqy to ball players oitm weaken the grip for strokes at high racket velocities, 
t.; h i i e  prevailing of nnn-ilepact force compomt in wtion prcqras they, on the oppsite, usually tend t~ 
increase tne inpact Msi bx tightening the grip. The ahve antioned contradictions in the vieqmint of autbors 
and their aisunderstandkgs a b u t  the value 3f k (Croppel, 1987) are explained by their cmsideratic?.s of 
wets in living syste~ as purely mechanical one ~porinq the energy c~tr ibut ion of wn-@ct forces on the 
trajectory 'a' durinq the time interval I .  These influences are programably caused and proved by high degree of 
carrelatian Se?reen ~echanical miion parameters and E!% activity of nuscles within the i p c t  phase. 

d 

?:we 1: Tk depndence of soccer ball deformation on force 
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Pigure 2: Ee fomt ion  o: ba l l  in natural volleyball shct 

Characteristics Value Units 
-- 

1.Linear velocity of bal l  a t  the t i ~  
of rebound 19.15!3.6 

2.Linear velocity of a r t i c u l a t i o  radio- 
c a r p e a j o i n t a t t h e i m p a c t p h a s e  15.lf0.7 

3.Pre-impact angular velocity of forears 32.2t1.2 
(.Angular velocity of c a p s  263t11.1 
5.Linear s t i f fness  2.1 lo+ 
6 . h p l a r  s t i f fness  of a r t i cu la t io  

radiocarpea joint 64522.2 
7.Average resistance force 18!5?41 
8.Joint displacement 0.39!0.307 
9.Duration of impact phase with bal l  8 .423 .5  
l 3 . k r i c d  of n. f lexor c a q i  ulnaris 

ac t iv i ty  0.126f3.35 

1.5-I 

m.s-' 
rad.s-I 
rad. 

~ . z . r a d - '  
N 
n 
m.s 

S 
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T A W  2 
correlation matrix of m i c a 1  characteristiu (A) for iqact pbw rad 
ektmpqra@y of a. flexor carpi ulnaris (I) 

1 Pn-hpact hand accale- 
ration 

2 Port-iqact band accele 
ration 0.89 (A) 

3 Wiur Mctioa fonr 0.87 0.67 
4 ma rndcr cbah aaecle 

ration crwc 0.91 0.56 0.84 

5 Period of activity 0 0 - - 
6 I(artrUarp1iMe -0.72 0 -0.54 0.8 0 (B) 
7 Integral activity -0.73 0 0.54 0.8 0.16 0.73 
8 Oxillation frequency 0.58 0 0.60 0.57 -0.39 -0.19 -0.43 ------------------------------------------------------------- 

IICASBIN, F. (1977) B i o ~ i c s  of stroke vtions. Physical Culture & Sport (USSR) 
ALEWDROV, E., SOKOLINSRY V. (1969) Applied tbeory and calcutationr of irpact s y s b .  lbuka (USSR) 
W A I N ,  O., ZAITZW, V., W ,  A. (1987) Tbe investigation of natural frequcncl properties of t e ~ i s  

rackets. Theory and practice of physical culture (USSR), 53-55. 
MTQNIET?, K. (1975) Biosechanical analysis of stroking actions in certain kinds of sports. Ph.0. dissertation 

(USSR) 
CJMOV, A. (1974) Study and design of sport iqlements made fro1 wcd for inpact actions. W.D. dissertation 

(USSR) 
NANOVA, C., PETISCVA, S. (1975) (h a consmtion of biowhanical syskm of =tion pragra, for scrokes. 

m8iomecbanicsm Prcceediqs of Coacbes' Training Vorlrsbp. Riga (USSR) 
IUTWELSCN, H., WTZW, V., PETRQV, V. (1979) Tk study of force acting upon tennis player during tbc ilpact of 

ball with racket. Theory and practice of physical culture. 11, 32-35 
CAOPPeL, J., SHIN, J. ,  TOHAS, J., HELK, C. (1987) The effect of string type and tension on bpact in ridsized 

and oversized tennis rackets. 1nt.J. of Sport Biolecbanics, 3, 40-46.' 
GROPPEL, J., SHIN, J., .VXTS, J., BILL, 0. (1987) Effect of dif-  ferent string tension pttenu and racket 

notion cn tennis racket-ball impact. 1nt.J.of Sport Bioaechanicsm, 3,142-158. 
MKER, J., FUNAN, C. (1979) Tennis racket and ball responw during inpact Mder dwaped and free standing 

conditions. Research Quaterly, M(l), 164-171. 
GWINER, H., GROPPEL, J., CMPBELL, K. (1983) Resultant tennis ball velocity as a function of off-center iqact 

1, 
and qrip firmess. kdicine and science in sports and ucrcise, 15, 542-544. 

mIm, 8. (1982) T e ~ i s :  the influence of grip tightness on reaction inpulse and rebound velocity. Hedicine 
and science in sports and exercise, 14, 348-351. 

MnE, 8. (1976) Forces and duration of impact anl grip tightness during the tennis stroke. lledicine and science 
in sports and exercise, 8, 88-95. 

HATANABE,T., JECM, Y., KIYASRITA, N.[1979) Tennis: the effect of grip f i m s s  on ball velocity after iqact. 
Mdicine and science in sports and exe!cise, 11, 359-361. 

VIII Symposium ISBS Prague 1990 




