






























































































































































































































































































































































































































































Chapter 10 Oblique impact model 

Figure 10.20 shows how the new model predicts rebounds with varying impact spin. The 

rebound speed and spin are virtually exactly the same as the previous model. The rebound 

angle is however much closer, and this is reflected in the COR data. Figure 10.2 1 how 

the model predictions for the "varying speed" test. Again the change to the model does not 

affect the speed, but it does correct the rebound angles, now matching experimental va lues 

extremely well. The rebound spin is still too high . 
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Figure 10.22 (a-c) Comparison of experimental data and model predictions for rebound 
characteristics of pressurised balls impacting at a nominal speed of 30 ms·' and a nominal value 
of zero spin, at varying angles. 

igure 10.22 shows the model predictions for the tests with varying angle. Again th d 

results are not significantly changed by the alteration to the model, and the rebound p d 

remains much too low for the angles above 30 degrees . The rebound pin and angl ar 

reasonably accurate. 
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Figure 10.23 (a-c) Experimental values and model predictions for (a) rebound speed, (b) 
rebound spin and (c) rebound angle for oblique impacts on three different surfaces. In each 
case the discrete points are experimental data and the lines are model predictions. 
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Chapter 10 Oblique impact model 

Figure 10.23 shows the adjusted model predictions for impacts on different surfaces. The 

model values are much closer to experiment in each case, although the rebound angle is 

slightly under-predicted on the slow surface. 

Model predictions for the three different ball types are shown in Figure 10.24. As in all 

cases, the rebound speeds are not changed much by the model alteration. The rebound 

angles are now much closer to experimental values however. Rebound spins for the 

punctured and pressureless ball are too high for those impacts with incoming topspin. 

10.6.c Discussion 

Most of the model predictions are much improved by the change to the damping 

coefficient, and under realistic conditions likely to be seen during play the results are very 

good. The tests at high impact angles however are still somewhat inaccurate, although it 

should be noted that even an angle of 24° as used in the experimental oblique impacts is 

steeper than the majority occurring in a game. 
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Figure 10.25 Comparing vertical COR values for normal impacts at (a) different speeds and 
(b) different angles. The results in (b) are plotted against vertical impact velocity. 

Figure 10.25 shows how vertical COR differs between normal and oblique impacts, and 

demonstrates the difficulty posed by modelling steep angles .. Figure 10.25 (a) shows 

impacts with nominally zero incoming spin at a range of angles, and the oblique impacts 

have a noticeably higher COR. In Figure 10.25 (b), data is shown for impacts at a range of 

incoming angles (but the same absolute speed and zero spin). There is a significant 

difference here - oblique impacts at high angles (and therefore high vertical velocity 

component) increase the COR by a large amount, and the difference between normal and 

oblique impacts becomes much greater as the angle increases. 

10.7 Sensitivity Analysis 

It is instructive to know the sensitivity of the model to each of its defining parameters. 

which gives an idea of their relative importance and also the necessity for accurate 

measurement. The static stiffness ko, the stiffness exponential coefficient A and the 
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Chapter 10 Oblique impact model 

damping coefficient Co were all investigated by changing their values by 10 and 20% (for a 

pressurised ball on the medium speed surface). The "changing spin" set of te t wa u d 

as this showed results where there was a clear different between slipping and rolling 

impacts, and definite trends in the outgoing data. 
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Figure 10.26 (a-c) (a) Rebound speed, (b) rebound spin and (c) rebound angle showing the 
original model, and with 10% and 20% higher static stiffness ko values. 

Model predictions are shown in Figure 10.26, Figure 10.27 and Figur I .2 . 

any of the coefficients by even 20% makes no noticeabl differen t the p d nd pin 

these model outputs cannot be differentiated on the graph . A mall t m d rat han in 

the rebound angle is produced but this is only evid nt in the in ming pin whi h Ii 

throughout impact. It is interesting to note that increa ing th damping d It r th 

rebound speed of an oblique impact - although th v rti al p d i r du d, th h ri z nlal 

speed is increased as discussed in Chapter 9 leading to a h ng in angl . 

These results suggest that none of the parameter in th m I ar parti ularl 
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Figure 10.27 (a-c) (a) Rebound speed, (b) rebound spin and (c) rebound angle showing the 
original model, and with 10% and 20% higher static stiffness coefficient A values. 
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10.8 Summary 

The normal model presented in Chapter 8 was extended to cover the horizontal direction 

and the spin on the ball. The geometry of the impulsive force makes the oblique situation 

much more complicated to evaluate, but this is a vital component of the total force and 

gives the force-time curve its distinctive shape. A spreadsheet could no longer be used to 

create a quick and simple model and therefore a software solution was written. This model 

generally gives very good predictions of rebound speed and spin. The predicted rebound 

angle is in a number of cases two to three degrees lower than that found experimentally, 

which is due to the vertical COR being higher for oblique impacts than the equivalent 

normal impacts matching the vertical velocity component. This COR discrepancy is 

thought to be caused by the spin generated during an oblique impact, and the effect this has 

on deformation shapes and energy losses. 

To compensate for this discrepancy, a simple compensation term was introduced to adjust 

the damping for instantaneous spin rate. This improved the quality of the model 

predictions, but does require more experimentation to find the extra parameter, which 

cannot be measured statically. 

The effect of the errors in the model predictions will be discussed in the next chapter, to 

see how important the errors would be over the course of a ball's trajectory, to see whether 

the damping compensation term is necessary. 

The one set of tests where the adjusted model did not closely match experimental values 

was where the angle was increased. At steep angles (where the changes in shape due to 

deformation will be more severe), the rebound speed in particular is much too low. These 

are however incoming conditions where it is unlikely a model is required, as they will not 

be seen in any realistic shot and such steep angles will not occur at significant speeds 

except for the particular example of a smash. This case is not one where predicting the 

rebound conditions is likely to be important. 
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11 Tennis GUT 

11.1 Introduction 

The surface impact model presented in this thesis covers one part of the ball's interaction 

with its surroundings during a game of tennis. Before it reaches the court surface, the ball 

has undergone an impact with a racket and a three-dimensional trajectory under the effects 

of gravity and aerodynamic forces. There is then of course a further trajectory after the ball 

bounces before it reaches the opposing player. 

When working on a single part of the whole tennis "process", it is easy to lose sight of the 

effect of (often small) changes in a ball's behaviour. This is particularly true in assessing 

model accuracy - for example, how much effect does a 5% error in predicted speed on 

rebound have on how the ball behaves through the rest of the shot? 

A piece of software was developed to streamline the modelling process by tying together 

the currently most advanced models in the three main areas: ball-racket impact, 

aerodynamic trajectory and ball-surface impact. The primary focus was ease of use, so that 

small changes in one variable (such as racket or ball mass) could be propagated through 

the models in turn to see their effects. 

11.2 Racket impact model 

11.2.8 Introduction 

Of all the components of the sport of tennis, the two which have changed most 

dramatically in recent decades are the player and the racket. Improvements in diet, training 

techniques and a huge change in the marketplace rewards for professional sport have led to 

modem players being significantly taller, heavier, stronger and faster than ever before. 

The most revolutionary change in rackets came when Prince introduced the first oversize 

racket (Head, 1976). The oversized head means that the "sweet spot" of the racket is much 

larger, giving a greater margin for error. Modern rackets are incredibly stiff and light, 

allowing increased swing speeds. A combination of these factors means that shots (in 

particular the serve) are increasingly being hit with such power and accuracy that it is 

physically impossible for the receiver to return the ball. (refs about serve speed?). 

As governing body for the sport, the ITF has recognised its responsibility to understand the 

effects of players and equipment on how the game is played at both a professional and 

recreational level (Coe, 2000; Miller, 2003). Amongst much other research, they built a 

serve impact simulation machine (Kotze and Mitchell, 2002) capable of producing impact 

speeds of up to 50 ms- I at specified racket positions. 
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11.2.b Model description 

d 

y 

• x 

Figure 11.1 The model used to simulate ball impact on a freely suspended racket. 

The racket model used here is based on that given by Goodwill and Haake (2003) and is 

more fully described in that publication. A freely suspended racket was chosen, as this is 

the most valid way of representing a player's grip (Brody, 1987). The model defines a 

system consisting of three discrete components: the ball, the stringbed and the racket 

frame, as shown in Figure 11.1. 

The ball is modelled as a point mass connected to the stringbed by a spring (ks) and 

dashpot damper (Co) in parallel. Both of these parameters depend on ball deformation and 

therefore change during the course of an impact. Their values were empirically found by 

Goodwill (2002). The stringbed was similarly represented by a parallel spring (ks) and 

damper (Cs) , whose values were obtained from experimental data. The stiffness ks was 

found by applying a quasi-static load to a racket stringbed via a rigid 55 mm diameter disc. 

The damper Cs was given a value of 2 Nsm- I in order to provide a energy los of 5% 

corresponding to the experimental results of Cross (2000). 

Actual racket 2D approximation 1 D approximation 

~---.- ::::::::::::::::::::::::::::::: .... 
(F) I --+ __ 

Figure 11.2 (a) One-dimensional representation of the racket, with (b) the assumed 
loading shape. 

The racket model was represented by a simplified one-dimensional hape a h wn in 

·igure l1.2(a). A two-dimensional approximation was first created to repre ent the v ryin 

mass distribution, which provided the same mass and balance point as the racket. ru wa 
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then simplified to give a one-dimensional model with the same mass distribution along the 

longitudinal axis. Cross (1999) formed a similar model and applied the stringbed force as a 

point load, but Goodwill (2002) found that model accuracy was improved by assuming the 

stringbed applies a distributed force to the racket frame, as illustrated in Figure 11.2 (b). 

The beam can then be split into N segments, each of mass mn, position along the beam x 

and length s, where each segment has displacement Yn and is acted on by a force Fn. giving 

equation [11.1] which can be numerically solved. Model verification and further detail can 

be found in Goodwill and Haake (2003). 

[1 1.1] 

11.3 Aerodynamic model 

The aerodynamic model used has been described in Chapter 4. In summary, lift and drag 

coefficients were taken from the results of Goodwill et al. (2004), who mounted both non­

spinning and spinning tennis balls in a wind tunnel. CD and CL were measured for varying 

values of spin coefficient S (defined as circumferential velocity V divided by wind speed 

U). They tested at wind speeds of 25 and 50 ms'(, and found that CD and CI. changed a 

small amount for these different Reynolds numbers. For values of S below 0.2 - where lift 

and drag were measured for both wind speeds - interpolated values were used between the 

trendlines for the two wind speeds, and for values of S above 0.2 those measured at 25 ms'( 

were used. It was assumed that the spin rate stayed constant throughout the trajectory. 

11.4 Surface impact model 

The surface impact model is described in detail in Chapter 10. In summary, it uses a 

minimal number of parameters to measure the ball properties, and a single frictional 

coefficient to define the surface. A structural stiffness force, a damping force and an 

impulsive reaction force are combined to give an overall force acting on the ball centre of 

mass. Assumptions about the deformed shape of the ball are used to relate centre of mass 

position to external ball deformation, and to calculate the rotation effect produced by the 

friction force. 
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11.5 Putting the models together 

11 .5.a User interface and parameter specifications 

Ball Type 
' ..... IXJ .... -....... 

Stringt>.d properties 

r 

_. 
Figure 11 .3 The interface to the racket properties. 

cw................ J 

.... , .... I 

As already stated, the main aim was ease of use of the software. The int rfac t th ra 

model was taken from Goodwill (2002) who constructed a standalone program fI r thi 

part. Figure 11.3 shows the ball and racket properties screen where the rei 

can be viewed and defined. 

The aerodynamic model required much less user input. A it would b diffi ult t 

lift and drag coefficients numerically at run-time these were coded into th ftw r r 

the selection of balls tested. Future work may provide functionality t take d ta tr ight 

from automated wind tunnel tests, but this was not judged practical r nary. 

11.5.b Output data 

R_ ..... v __ 

III rr;J v __ 
1i1U ---.. -.- 12 IS . 

V-.l_ II SlI r .... 
I- I - "--I -. r -..... . 

Figure 11.4 Trajectory output and numerical data from the model. 

The combined trajectory of the hot (including 

several ways. The most visual repr entati n i 

rotated to see the path of the ball from any vi wp 

An overhead view can al 0 be us d t e th 

trajectory. 
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11.6 Model results 

11.6.a Example data 

As an example shot, a serve was recreated. A racket was swung virtually with a racket 

head speed of 36 ms·!, and an instantaneous rotational speed of 46 rads·!. The ball speed 

predicted by the racket model is 44.2 ms· 1 (99.5 mph). An interesting side note is that the 

model can predict speeds generated if the racket was infinitely stiff - in this case 45.0 ms·! 

(101.2 mph), which shows that modern stiff rackets are extremely efficient and not far off 

the theoretical limit. More difference would be noticed if the shot was hit towards either 

the tip or throat of the racket head. 

Elliott et at. (1986) found that on average, a player will hit a serve from a vertical position 

of 1.53 times their height. For a player who is 1.9 m tall, this would give a starting height 

of approximately 2.9 m. UC Davis (2001) measured the spin on professional serves to 

average 2000 to 3000 rpm. A spin of2500 rpm (262 rads·!) was chosen for this example. 

A goal seek within the software found that the angle required for the ball to land on the 

baseline was 2.09 degrees below the horizontal and it impacted at 28.91 ms· 1 (65 mph) at 

an angle of 17.47 degrees to the horizontal. 

3 -~-------------.------~--------------- _____ _ 

Base line 

Service line 

o 5 10 15 
Horizontal distance along court (m) 

20 25 

Figure 11.5 Predicted trajectory for a serve hit at 99 mph with spin of 262 rads· 1 

The surface chosen was a standard uncushioned acrylic, which was measured to have a 

coefficient of friction of 0.57. The surface impact model predicted a rebound of 20.6 ms· 1 

(46.3 mph) at 18.9 degrees to the horizontal, with a spin of 593 rads· l . After applying the 

trajectory model again, the speed at the baseline was calculated to be 17.4 ms· 1 (39.1 mph) 

and the ball was just still rising - the velocity vector was 2.5 degrees above horizontal. The 

total time taken was 0.827 seconds, and the complete trajectory is shown in Figure 11.5 

11.6.b Using the GUT model to assess the oblique model 

The software was then used to compare the two oblique impact models described in 

Chapter 10. The main reason for this was to visualise the effect of any di ffcrences bctween 
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the model predictions and the experimental values measured. An error of 5% would seem 

reasonable, but how much difference would this make to the way the ball actually 

behaves? 

The data chosen was from the "varying spins" set of experiments. An impact was 

deliberately chosen that was probably the worst prediction from the initial oblique model , 

which was the impact with 400 rads- I of incoming topspin. Both oblique models matched 

the experimental rebound speed of 21 ms- I
. Similarly, both had the same rebound spin 

value, of 700 rads- I of topspin. The experimental value here was somewhat lower, at about 

600 rads- I
. The main difference was in the rebound angle, where the experimental value 

was 27 degrees. The first model predicted an angle of 23.6°, and the second model 26.5° . 

Both of these angles are too low; the addition of too much topspin will emphasise the low 

trajectory. 

2.5 

2.0 

.s 1.5 
~ 
.~ 1.0 
I 

0.5 

0.0 

0 

- From experimental rebound 

- Oblique roodel w ith spin 
compensated damping 

- From first oblique roodel 

5 10 

Net Service line 

15 
Horizontal distance along court (m) 

Base line I 

20 25 

Figure 11.6 Comparing trajectories from two model predictions to that from experimental 
rebound properties. 

The speed, spins and angles were used to predict the trajectory using experim ntal nd 

model rebound characteristics for the impact which was assumed to be 18 metre al ng th 

court (close to the service line). The results are shown in Figure 11.6. All three traject ri e 

are plotted up to the time interval where the experimental trajectory reach d th ba lin . 

In each case the horizontal position is almost exactly the ame. At thi pint th 

experimental rebound characteristics predict a bounce height of 2.16 m. According t th 

first oblique model the ball has a height of only 1.77 m. This di cr pancy f m 

significant. The model with the spin-compensated damping has a height of 2.08 m. hi i 

8 cm below the experimental position of the ball meaning th addition f thi damping 

term has reduced the error to about a fifth. 

For all other data sets (except those with high impact angle) tw n 
model predictions and experimental rebound characteri tic wa mu h mall r. A 

maximum error of 8 cm in the position of the ball after trav \ling u h a larg di tan was 

judged to be acceptable. It is also worth noting that the nominal imp t c n 

throughout were deliberately used as the "worst-ca ' cenari likel t n. M st 
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impacts produced by real shots would have a considerably lower vertical velocity. Thi 

would reduce the effect of deformations on energy loss, making the impact ea ier to 

predict. Slower speeds would also produce more accurate trajectories, as even the same 

proportional errors would leave experimental and prediction ball positions closer together. 

11.S.c Comparing pressurised and pressureless balls 

An analysis was performed to see the effect of a pressureless ball on an overall hot. The 

racket swing speed used in 11.6.a produced a slightly slower ball speed of 43.4 - I 

(compared to 44.2 S-I for the pressurised ball). 

2.0 I 
1.5 

.s 
:E 1.0 
.21 
Q) 

J: 
0.5 

11 12 13 14 15 

--Pressurised ball Base line 

- - - - Pressureless ball 

Service line' 

'" 

16 17 18 19 20 21 22 23 24 
Horizontal distance along court (m) 

Figure 11.7 Comparing the trajectories for pressurised and pressureless balls hit with the 
same racket conditions. 

Figure 11.7 shows the trajectory for the pressureless ball compared to that for a pre uri d 

ball. The two balls behave in a very similar manner, and the pressur Ie ball r a h lh 

baseline only 3 cm lower than the pressurised ball. This difference i extr mel unlik I t 

be noticed by a player. 

11.S.d The effect of an oversized ball 

The software was also used to analyse the effect of an over ized ball. he rv 

angle described in 11.6.a was used to calculate the trajectory (b fI r and 

the court) of a normal ball. An oversized ball of 6.5% larg r diam t r 7 . 

to 66 mm) was simulated with the same launch conditi n . A g al k wa th 

vary the angle so that the oversized ball landed on the ervic lin . hi w uld 

realistic simulation of a real serve as a player would adju t th w h hit th n b. II 

(after some experience) to achieve the same re ult . 
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2.0 ,-
--Conventional sized ball Base line 

1.5 :r ::: :.: =.: ..... 
~ 1.0 J - --- --- ..... . 

f l~ 0.5 . 

0.0 -l-

- - - - Oversized ball, sarre initial angle as conventional 
. . . . .. Oversized ball, sarre irrpact point as conventional 

Service line· 

11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Horizontal distance along court (m) 

Figure 11.8 Trajectories showing the effect of an oversized ball (at two initial angles) 
compared to a conventional pressurised ball . Final positions are shown at the time where the 
normal ball reaches the baseline. 

The three trajectories are shown in Figure 11.8; all were plotted to show the fini hing 

positions relative to the time the normal ball reached the baseline. Hitting the ov r ized 

ball the same way as the normal ball clearly makes the trajectory dip more, producing a 

shorter and steeper impact. If the angle is adjusted to ensure the ball land on the ervi 

line, the baJJ is hit higher (2.38 degrees below horizontal compared to 3.09 degree) but the 

extra drag brings its flight down. Interestingly, the normal and oversized balls follow fairl 

similar trajectories after impact, although the oversized ball is slower and starts t dip' 

soon after the time shown landing well short of the normal ball for its second boun . 

The normal ball reaches the baseline after about 780 ms, and the oversized ball after ab ut 

820 ms. This time difference is significant, and would be noticed by the recei ing pIa r a 

a "slower" shot. 

11.7 Summary 

Although not within the initial remit of the study, a piece of software wa aid 

the use of the oblique impact model, particularly in predicting the effect of a wh I 

from one player to the opponent. This software was used to a se th effect f rr r in 

rebound predictions on the ball trajectory after bouncing and particularl th r ult wh n 

the ball reached the other end of the court. 

It is hoped that the software presented here could be of u e to the I f 
assessing the effect of technology on the sport of tennis, and perhap it uld pr u ful 

to the tennis industry in general as a predictive tool for comparing p t ntial n w pr du L. 
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12 Conclusions 

12.1 Introduction 

This chapter provides a summary of the important findings of the study, describing the 

steps taken to produce an experimentally verified model of oblique ball impacts. 

Summaries for each stage of the project are given, providing static and dynamic ball 

properties, model construction and verification. Overall conclusions of the study are also 

described, together with suggestions for possible related work in the future to progress the 

research. 

12.2 Summary of study 

12.2.a Quasi-static ball testing 

Balls were compressed at various quasi-static loading rates. It was found that for the 

loading rates possible in a laboratory, compression strain rate does not have an affect on 

ball stiffness. Various ball constructions behave in a very similar manner in a static 

compression test (but of course they have been designed to behave in such a way). If holes 

are drilled in balls so that the effect of internal pressure is totally removed, the effect of the 

rubber shell can be seen. Pressureless balls are considerably stiffer, since they rely on the 

structure to create the stiffness under compression. Pressurised balls rely on a combination 

of shell stiffness and the rise in internal pressure. Both ball types exhibit a stiffness when 

drilled which is close to constant. 

12.2.b Surface testing 

The important properties of a surface in relation to ball impacts were identified as friction, 

impact absorption and ball bound. A number of established tests exist to quantify each of 

these properties and these tests were examined. It was found that most of the commonly 

used friction tests use a rubber surface to simulate the interaction with a player's shoe, and 

this did not correlate particularly well with the friction found using the cloth on a tennis 

ball. The Surface Pace Rating is an accepted measure of the "speed" of a court, and theory 

suggests it is a linear function of the coefficient of friction. One simple test which 

correlated well with the SPR (which requires expensive equipment to measure) is the 

Haines Pendulum. 

Impact absorption tests rely in general on impacting an instrumented mass on a surface. 

either directly or via a spring. Again this test is designed to quantify human interaction 

with the surface, and so the energies involved are orders of magnitude higher than that 

produced by a tennis ball. A number of tests were considered and it was found that for the 

vast majority of tennis court surfaces, the surface is so much stiffer than the ball that it may 
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be considered rigid. This was born out by the ball rebound tests, which showed no 

significant differences between tennis court surfaces. 

12.2.c Normal impacts 

Experimental tests 

Balls were projected at a force plate at speeds up to 20 ms·
1
, and the impact and rebound 

speeds measured with a combination of high speed video and light gates. Four ball types 

were tested, and for each one the COR dropped with increasing impact velocity. At speeds 

up to 7 ms·1, the three "off the shelf' balls had very similar rebound speeds. Above this, the 

pressureless ball rebounded consistently slower than the pressurised and oversized balls, 

which were very similar. The punctured ball rebounded slower throughout the tests. 

The force data showed that the pressurised and oversized balls behave in a similar manner 

throughout the range of speeds. The punctured ball has almost identical characteristics to 

the pressurised ball at low speeds, but at higher speeds it behaves more like a punctured 

ball. 

Impact modelling 

A one degree-of-freedom model was created to simulate the normal impacts. It consisted of 

three components: a structural stiffness, a material damping term and an impulsive reaction 

force term. The relevant parameters for each of these three components were found via a 

combination of quasi-static compression tests and a minimal number of simple dynamic 

tests just measuring speeds (one drop test and one higher speed test). 

A feature of the model was that it attempted to relate the force components to the physical 

nature of the impact, and so for example the impulsive force component was described and 

calculated in an intuitive way rather than an abstract calculation. 

The model predicted rebound speeds for the four ball types extremely well and matched 

the various features of the force data. This gives an insight into a ball's behaviour and the 

contribution of the various parts of its construction (for example, the relative importance of 

the rubber shell and the internal pressure at various speeds). The impulsive force was 

found to be the main contribution to the sharp increase in force seen early in all ball 

impacts, particularly at higher speeds. 

12.2.d Oblique impacts 

Experimental tests 

A number of tests were performed in an attempt to isolate the various impact variables and 

to assess the importance of each one. In particular, the speed, spin, angle, ball type and 

surface type were investigated. It was found that whether or not the ball rolled during 
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impact had an important affect on the way it rebounded. Sharp changes in the rebound 

characteristics were observed either side of the limiting rolling conditions, in a very similar 

way to those predicted by simple Newtonian rigid body models. 

One significant observation was that the energy loss was affected by the nature of the 

impact. A good example of this was the impacts with the same speed and angle, but 

varying spins. The vertical velocity component on rebound was affected by the incoming 

spin. On examining the high speed video data, this was found to be caused by the 

deformation shapes. Although the overall deformation was similar in all cases, incoming 

topspin reduced the deformations in the part of the ball above the surface, reducing energy 

loss and increasing COR. The opposite effect was seen with incoming backspin. The 

impacts which most closely matched the normal COR were those where the average spin 

throughout impact was close to zero, and so the rotation of the ball was minimised during 

the middle of the impact where the forces were greatest. 

Impact modelling 

The normal impact model was extended to a three degree-of-freedom situation with the 

addition of horizontal and rotational components. The initial model assumed that the 

vertical component was independent of the other two. The impulse force component was 

found to be a complex function of both translational and rotational velocity, and a stand­

alone software solution was programmed to solve the problem. 

This initial model was found predict the rebound speeds and spins reasonably well, but the 

angle was consistently too low. This was because of the effect of ball spin on the vertical 

COR. A simple damping compensation term was incorporated into the model such that the 

damping was instantaneously reduced for topspin and increased for backspin. This reduced 

the prediction errors to an acceptable level. 

12.2.e Tennis GUT 

When the surface impact model was complete, it was linked to a racket impact model and a 

trajectory model to give a "Grand Unified Theory" piece of software. This enables the 

effect of a single property to be tracked throughout a shot (for example, how would a new 

racket string imparting 50% more spin on the ball affect the way it reached the opposing 

player on various different speeds of court?). It is hoped that a development of this 

software could be a useful tool in assessing the impact (or potential impact) of 

technological changes on the sport. 
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12.3 Conclusions 

• Almost all tennis court surfaces are stiff enough in relation to the ball that they do 

not contribute to energy losses during ball-surface impact. This means that for 

modelling purposes in the majority of cases, a tennis court can be considered to be 

a rigid surface. 

• When balls impact normally on a surface, the coefficient of restitution decreases 

with increasing impact speed. At all speeds, normal and oversized pressurised balls 

rebound with similar speeds. As speeds increase above those of a drop test (7 ms'\ 

pressureless balls rebound slower than these two pressurised types. Punctured balls 

rebound significantly slower than all three other ball types at all speeds. 

• All balls create a sharp initial rise in impact force. The magnitude of this initial 

peak varies with impact speed. At high speed there is a short reduction in force as 

the shell buckles inwards. 

• A viscoelastic model was able to predict the force-time properties of normal impact 

at all speeds tested (up to 20 ms· l
) using parameters which were simple to measure. 

Features of the impact such as the initial peak in force were created by a 

combination of structural stiffness, damping and impulsive reaction forces. 

• Oblique impact tests showed smaller (but distinguishable) differences between the 

behaviour of different balls. The trends of the balls' behaviour matched that 

predicted by Newtonian rigid body models. In particular, the difference between 

slipping and rolling behaviour was observed and was noteworthy. 

• An oblique model with the main addition of a coefficient of friction simulates a 

variety of impacts well. Only when the impact angle is significantly higher than the 

vast majority of "real" impacts is the accuracy reduced. An empirical coefficient to 

compensate for the effects of spin rate on energy loss was included which 

significantly improved the results. 
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12.4 Future research 

This project has provided a relatively simple normal model which gives good results and 

whose governing parameters are easy to measure. A series of experimental tests gave a 

good insight into the oblique rebound characteristics of tennis balls, and a model created 

which predicted these well in most cases. There are several areas in which it would be 

interesting to continue the research. 

surface modelling 

This study concluded that for the vast majority of tennis courts, treating it as a rigid surface 

is a good approximation - even including those with shockpads designed to reduce player 

impact forces. It is recognised however that there are potential uses for simulating the 

impact on softer surfaces, or particularly the specific case of clay where the surface 

undergoes permanent deformation which affects the impact. To include such surfaces in 

the model was not deemed feasible (in part due to the large amount of extra experimental 

data necessary), but this is an area which could be explored in the future. 

Environmental conditions 

It has been noted several times that environmental conditions (particularly temperature, 

humidity and air pressure) will have an effect on the ball impact. Although it was beyond 

the scope of this study, looking at the influence of each of these properties would be 

important to gain a fuller knowledge of the behaviour of a ball in all conditions. 

Further oblique experimental study 

In order to gain more understanding of the nature of an oblique impact, further knowledge 

of the forces and their interactions is necessary. Although the experimental arrangements 

are not straightforward, accurate measurements of the horizontal frictional forces would be 

extremely useful. It seems likely that there is some form of grip-slip interaction between 

the ball and the surface, although it is not obvious how this would be recreated in a model. 

Further ultra-high-speed video footage would be useful to try to analyse deformation 

shapes and their effect on changing COR with different spin. An improved ball projection 

method which enables independent variables to be kept more consistent would also prove 

useful. 

Increased model complexity 

Throughout this study, one of the major underlying aims was to keep the model simple. 

Not only does this make it easy to understand and use, it makes it much faster to solve. 

There was also important placed on the value of model parameters which were easy to 

find. However, the nature of the spring-damper model used means that it is impossible to 
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predict some forms of behaviour - a tennis ball simply is not a trivial assembly of two or 

three component parts. 

To improve the accuracy of the model would require substantial extra work and 

complexity (such as dealing with horizontal deformations). At some point the question 

must be asked as to whether this is the correct approach. In striving to create a physically 

representative model, it may be necessary to turn to other approaches such as finite 

element analysis. This has the benefit of creating a model which actually looks and 

behaves like a real tennis ball, but brings with it the downsides of vastly increased model 

solution times and the potential for "black box syndrome" - where the user tends to accept 

the forces, shapes and other such predictions as absolute truth. 

Software development 

The Tennis GUT software described in Chapter 11 was not a particularly important 

original objective of the project, but as the study progressed it proved to be an intriguing 

idea - particularly as there was a considerable amount of parallel research being 

undertaken in the fields of racket modelling and tennis aerodynamics. It is both instructive 

and practically useful to know how impact conditions propagate through an entire shot. 

There is potential for the software to be developed into a much more complete and user­

friendly package, with a number of potential uses. 

12.5 Concluding remarks 

It is hoped that the work presented in this study gives a useful insight into understanding 

the physical processes of impact, as well as one possible approach to modelling and 

predicting their effects. The experimental results will also be useful for verifying existing 

and future models. With further development and application (particularly of the software 

user interface), there is great opportunity for controlling and improving the sport of tennis. 
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Appendix A Ball specifications from The Rules of Tennis 

A Ball specifications from The Rules of Tennis 

Extracts from the Rules of Tennis are listed below (lTF, 2000a). 

The ball shall be more than 1.975 ounces (56.0 gram~) and less than 2.095 
ounces (59.4 grams) in weight. 

The ball shall be more than 2.575 inches (6.541 cm) and less than 2.700 inches 
(6.858 cm) in diameter. 

The ball shall have a bound of more than 53 inches (J 34.62 cm) and less than 58 
inches (147.32 cm) when dropped 100 inches (25-1.00 em) upon a flat, rigid 
surface e.g. concrete. The ball shall have a forward deformation of more than 
.220 of an inch (.559 cm) and less than .290 of an inch (737 cm) and return 
deformation of more than .315 of an inch (.800 cm) and less than .425 of an inch 
(J.080 em) at 18 lb. (8.165 kg) load. The two deformation figures shall be the 
averages of three individual readings along three axes of the ball and no two 
individual readings shall differ by more than .030 of an inch (076 cm) in each 
case. 

An additional section was added to the rules in 2000 describing two new types of balls. 

From r l January 2000 until 31 s1 December 2001 two further types of tennis ball 

may be used on an experimental basis. 

The first type is identical to those described in paragraphs a. to c. above except 
that the ball shall have a forward deformation of more than .195 inches (.495 
cm) and less than .235 inches (597 cm) and return deformation of more than 
.295 inches (749 cm) and less than .380 inches (.965 cm). This type of ball shall 
be described as Type 1 and may be used in either a pressurised or non­
pressurised form. 

Another type is identical to those described in paragraphs a. to c. above except 

that the size shall be more than 2.750 inches (6.985 cm) and less than 2.875 

inches (7.302 cm) in diameter as determined by ring gauges and detailed in 

Appendix J section (iv). This type of ball shall be described as Type 3 and may be 

used in either a pressurised or non-pressurised form. 

All other type of ball defined by Rule 3 shall be described as ball Type 2. 

For the purpose of tournaments played under this experiment: 

1. Ball Type 1 (jast) should only be used for play on court surface types which 
have been classified as Category 1 (slow pace) (see Appendix J). 

2. Ball Type 2 (medium) should only be used for play on court surface types 
which have been classified as Category 2 (medium/medium-fast pace) (see 
Appendix I). 

3. Ball Type 3 (slow) should only be used for play on court surface types which 
have been classified as Category 3 (jast pace) (see Appendix I). 

For non-professional play any ball type may be used on any surface type. 
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Appendix A Ball specifications from The Rules of Tennis 

The Rules of Tennis give a list of regulations describing how each of the approval tests 

should be performed. Extracts from these are listed below. 

Tests should be made at a temperature of approximately 20° Centigrade and 
relative humidity of 60%. 

The limits given are for tests cunducted in an atmo~pheric pressure resulting in a 

barometric reading of approximately 30 inches (76 cm). Other standards may be 

fixed for localities with differing average temperature, humidity and pressure. 

Metal ring-gauges are used to test the ball diameter. Two circular openings have 

the minimum and maximum diameters specified for the particular ball type. The 

inner surface of the gauge has a convex profile with a radius of one-sixteenth of 

an inch (.159 em). The ball should not drop through the smaller opening by its 

own weight and should drop through the larger opening by its own weight. 

Before carrying out any of the tests, a ball should be pre-compressed by 
approximately one inch (2.54 cm) on each of three mutually perpendicular axes. 
This should be carried out three times on each axis, and the tests completed 
within two hours of pre -compression. 
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Appendix B Normal impact model - force-deflection results 

B Normal impact model - force-deflection results 

B.1 Introduction 

Supplemental data is presented to complement that given in Chapter 8. Force-deflection 

graphs comparing model predictions to experimental data are shown for normal impacts 

between approximately 6 and 20 ms- 1
, for the four ball types considered in that chapter. 

B.2 Model results 

B.2.a Pressurised ball 
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Figure B.1 Comparison of experimental data (dashed lines) and model data (solid lines) for 
force against centre of mass displacement, for a pressurised ball impacting normally between 

O -1 
5.8 and 2 ms . 
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B.2.b Pressureless ball 
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Figure B.2 Comparison of experimental data (dashed lines) and model data (solid lines) for 
force against centre of mass displacement. for a pressureless ball impacting normally between 

-1 
5.9 and 20.1 ms . 
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B.2.c Oversized ball 
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Figure B.3 Comparison of experimental data (dashed lines) and model data (solid lines) for 
force against centre of mass displacement, for an oversized ball impacting normally between 

·1 
5.8 and 19.9 ms . 
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B.2.d Punctured ball 
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Figure B.4 Comparison of experimental data (dashed lines) and model data (solid lines) for 
force against centre of mass displacement, for a punctured ball impacting normally between 5.9 

·1 and 20.1 ms . 
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C Oblique impact data 

C.1 Introduction 

This section presents some of the raw data from the various oblique tests, which may prove 

useful in the future. Table C. I shows a summary of the nominal impact conditions 

describing each test. For conciseness, relevant SI units are used throughout, where no units 

are quoted. 

Table C.1 Summary of the various parameters for oblique impact tests. The parameter of 
interest in each test is shaded . 

Surface Ball type V in (m/s) 
Bin (degrees 

CtJin (fads -\) 
to horiz) 

30 24 -600 to 600 
Varying spin, 

speed & Medium Pressurised 25 to 60 24 0 

angle 
30 24 to 52 0 

Fast 

(.u = 0.3) 

Changing Medium 
Press uri sed 30 24 -600 t 600 

surface (.u=0.55) 

Slow 

(.u=0.61) 

Pressurised 

Changing 
Medium Pressureless 30 24 -600 to 600 

ball type 

Punctured 
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3 
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3 

Tl.5 1 
2 
3 

T2 1 
2 
3 

T2.s 1 
2 
3 

T3 1 
2 
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III 
Vx Vy Vr angle Topspin 

28.19 -12.64 3).89 24.15 -61800 
28.50 -12.78 31.23 24.15 -621.70 
28.34 -12.23 3).87 23.35 -620 50 
28.34 -12.54 3).99 23.88 -646.aJ 
28.59 -1223 31.10 23.17 -577.3) 
?9 95 -1258 32.48 2278 -558.3) 
27.10 -12.31 ?9.77 24.43 ·484.50 
27.02 -12 16 ?9.63 24.22 -400.10 
27.88 -12.85 30.70 24.76 -535.70 
26.76 -11.66 29.19 23.55 -moo 
27.69 -12.28 30.?9 23.92 -390.aJ 
26.33 -12.39 29.10 25.20 -284.10 
26.56 ·12.00 ?9.14 24.32 -28270 
26 20 -11.24 28.51 23.22 -340.50 
26 13 -11.62 28.59 23.97 ·350.aJ 
26.03 -lUI 28.42 23.67 -411.50 
2617 -12.00 28.79 24.64 -320.00 
2610 -12.39 28.89 25.40 -400.40 
25.79 -11.10 28.07 23.30 -12480 
25.20 -10.64 27.35 22.89 -00.40 
25.61 -11.03 27.89 23.?9 -145.70 
25.63 -11.77 28.20 24.67 133.40 
25.71 -12.70 28.67 26.?9 104.00 
25.09 -11.62 27.65 24.84 126.50 
25.72 -11.58 28.21 24.24 100.3) 
26.02 -11.85 28.59 24.48 239.30 
25.48 -12.16 28.23 25.51 278.60 
26.17 -12.08 28.B2 2477 345.40 
27.57 -12.31 30.19 24.07 330.00 
26.71 -12.70 ?9.58 25.42 255.30 
27.94 -12.37 30.55 23.89 396.20 
26.95 -12.23 ?9.59 24.42 48130 
26 64 -12.62 ?9 48 25 35 492.00 
29.19 -13.16 32.02 24.27 685.80 
?9.19 -12.47 31.74 23.13 57700 
28.34 -1254 30.'iJ3 2388 540.10 
?966 -13.16 32.45 23.93 637.80 
29.66 -13.48 32.57 24.44 710.20 
?9.42 -13 32 32.30 24.35 539.00 

Out <- rolling spin -> 

Vx Vy Vr angle Topspin ASpin from Vx from Vr 
1600 767 1855 2440 4540 6642 5175 5683 
1744 7.77 19.09 2403 2520 6469 5312 5816 
1705 7.?9 18.55 23.16 3700 6575 5205 566 1 
17.35 7.00 19.06 2448 4540 692 531.2 583.7 
17.96 7.28 19.38 22.06 13.10 5004 5472 5004 
19 05 7.67 20.53 2192 2500 584 2 581.4 6268 
15.72 8.18 17.72 27.48 139.00 624.4 481.4 542.7 
16.59 8.12 18.46 2607 116.00 597 505.2 562.4 
16.46 8.29 18.43 26.72 100.70 644.4 502.5 562.6 
15.52 7.'iJ3 17.45 27.25 19100 520.8 475.3 5346 
16.29 8.06 18.18 26.33 169 00 559.6 4%3 553.7 
15.62 8.03 17.56 27.20 173.00 458 476.6 535.9 
15.44 B.16 17.46 27.ffi 259.00 5425 472.9 534.9 
14.82 7.71 16.71 27.49 197.40 537.9 451.4 500.9 
15.75 7.00 17.62 2663 184.30 534.9 4OO.B 537.B 
15.16 7.74 17.02 27.05 183.00 595.4 464.3 521.4 
15.39 8.10 17.39 27.75 169.70 489.7 4689 529B 
15.12 8.32 17.25 28.82 114.00 515.3 4614 5266 
15.7B 7.91 17.65 26.63 374.00 4'iJ3.7 483.3 540.7 
15.02 B.13 1708 28.42 ?97.00 396.3 457.6 520.3 
15.42 8.27 17.50 28.20 368.20 513.9 470.8 534.2 
14.06 9.04 16.72 32.74 50670 373.3 430.8 5121 
14.'iJ3 9.09 17.53 31.23 50200 300 456.6 5340 
14.34 8.64 16.74 31.07 400.50 372 437.7 511.1 
15.22 8.92 17.64 3).37 555.20 374.9 466.2 540.4 
15.05 8.ffi 17.47 30.47 541.80 302.5 458.5 532.0 
151B B.63 17.46 29.61 548.30 269.7 463.3 532.9 
16.60 9.17 lB.96 28.91 585.30 239.9 503.5 580.8 
17.17 9.31 19.53 28.45 603.50 275.6 523.1 595.0 
17.10 9.62 19.62 ?9.36 572.10 316.B 521.9 598.8 
19.13 9.60 21.40 26 66 612.80 216.6 585.B 655.5 
1903 B.84 20.'iJ3 2492 628.30 147 579.7 639.3 
1B.40 9.65 20.77 2767 610.30 l1B.3 561.6 634.1 
21.Bl 10.05 24.01 24.75 694.20 B.4 667.B 735.4 
20.21 8.83 2205 23.59 753.30 176.3 6156 6718 
20.92 9.48 22.97 24 37 684.00 143.9 638.6 701.1 
2199 9.37 23.00 23.08 746.60 108.8 673.5 732.1 
21.76 945 23.72 23.47 63810 -721 662.7 722.5 
22.15 9.37 24.05 22.93 664.40 125.4 676.0 734.0 

'.ofVx ~. ofVr 
roll spin roll spin ... Vx A Vy A Vx:A Vy 

8.8 8.0 -11.3 20.3 0.56 
47 U -11.1 20.6 054 
7 1 6.5 -11.3 19.5 058 
8.5 7.8 -110 20.4 054 
2-4 22 -10.6 19.5 054 
4.5 4.1 -10.9 20.2 054 

29.1 258 -11.4 20.5 0.56 
231 20.8 -10.4 20.3 051 
21.6 193 -11.4 21.1 0.54 
40.4 35.9 -112 19.7 0.57 
34.1 30.5 -11.4 20.3 0.56 
36.5 32.4 -10.7 20.4 0.52 
549 48.6 -11.1 20.2 0.55 
431 38.B -11.4 19.0 0.60 
38.3 34.3 -10.4 19.5 0.53 
39.6 35.3 -10.9 19.2 0.57 
36.2 320 -10.8 20.1 054 
249 21.B -110 20.7 053 
77.6 69.3 -100 19.0 0.53 
651 57.3 -10.2 lB.8 054 
7B.2 68.9 -10.2 19.3 053 
1176 00.9 -11.6 20.8 0.56 
109.9 94.0 -10.7 21.8 0.49 
113.9 97.5 -10.7 20.3 0.53 
119.1 102.7 -10.5 20.5 0.51 
118.2 101.8 -11.0 20.7 0.53 
llB4 102.9 -10.3 20.8 0.50 
115.1 100.8 -9.6 212 0.45 
115.9 101.9 -10.4 21.6 0.48 
109 6 95.5 -9.6 22.3 0.43 
104 6 93.5 -8.B 22.0 0.40 
108.4 00.3 -7.9 21.1 038 
108.7 96.2 -8.2 22.3 0.37 
103.9 94.4 -7.4 23.2 0.32 
122.4 112.1 -90 21.3 0.42 
107.1 976 -7.4 22.0 0.34 
110.8 102.0 -7.7 22.5 0.34 
96.3 88.3 -7.9 22.9 0.34 
003 00.5 -7.3 22.7 0.32 

horlz COR vert COR 
0.5995 0.607 
0.6120 .. 0600 
0.aJ17 .. 0596 
0.6120 0.63J 
0.6284 .. 0.595 
063iO .. 0.610 
0.5800 0.664 
0.6138 .. 0.668 
0.59)5 .. 0.645 
0.5799 0.685 
0.5884 .. 0.657 
0.5931 • 0.648 
0.5813 0.600 
0.5656 .. 0.6!Ii 
0.6028 .. 0.600 
0.5824 0.678 
0.5001 .. 0.675 
05792 .. 0.671 
0.6120 0.713 
05962 .. 0.764 
0.6022 .. 0.750 
0.5487 0.768 
0.5831 .. 0.716 
0.5716 

.. 
0.744 

0.5918 0.770 
0.57ffi 

.. 
0.748 

05958 · 0.710 
0.6343 0.759 
0.6230 

.. 
0.756 

0.6400 · 0.757 
0.6846 0.776 
07063 .. 

0.723 
0.6007 .. 

0.764 
0.7470 0.764 
06923 · 0.708 
0.7382 · 0.756 
0.7415 0.712 
0.7337 

.. 
0.701 

07527 
.. 

0.703 

,,"COR 
OaJl 
0611 
0601 
0.615 
0623 
0632 
0595 
0.623 
0.600 
0.598 
0.600 
0.603 
0.599 
0.5ffi 
0.616 
0599 
0.604 
0597 
0.629 
0.625 
0.628 
0.593 
0.611 
0.603 
0.625 
0.611 
0.61B 
0.658 
0.647 
0.663 
0.700 
0.709 
0.705 
0.750 
0.695 
0.741 
0737 
0.728 
0745 

e-'9in 
1011 
0.995 
0992 
1025 
0.952 
0963 
1.125 
1076 
1.079 
1.157 
1.101 
1079 
1.146 
ff84 
f.l11 
1.143 
1.126 
1135 
1.143 
1242 
1.211 
1.327 
1.188 
1.251 
1.253 
1.245 
1.161 
1.167 
1.182 
1.155 
1.116 
1.021 
1092 
1020 
1.020 
1021 
0.964 
0960 
0942 

0-. 
~ 
N 
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60 1 
2 
3 

70 1 
2 
3 

80 1 
2 
3 

90 1 
2 
3 

100 1 
2 
3 

110 1 
2 
3 

120 1 
2 
3 

In Out 
Vx Vy V. angle Topspin Vx Vy Vr angle Topspin 

22.40 -1028 24.65 24.64 -92.10 11.94 7.96 14.35 33 67 35950 
22.70 -10 18 24.00 24.14 -69~ 12.55 7.51 1463 30.00 335.10 
21.67 -9.53 23.67 2315 -28.00 12.25 7.53 14.38 31.58 385.20 
26.49 -11.71 28.96 23.85 -39.50 15.52 873 17.81 29.35 406.90 
26.87 -11 51 29.23 23.20 -11.20 15.57 8.93 17.95 29.83 418.70 
26 74 -12.05 29.33 24.26 -63.20 15.36 873 1766 29.60 40900 
32.ffi -14 21 35.07 23.90 -67.50 19.12 9.95 21.56 27.48 462.40 
31.17 -13.23 33.86 23.00 -66.90 1718 10.24 20.52 29.93 413.60 
31.01 -13.07 33.65 22.85 -29.00 18.48 9.87 20.95 28.12 434.50 
38.14 -16.33 41.49 23.18 -37.20 22.68 11.95 25.64 27.79 485.00 
38.43 -17.63 42.28 24.64 -95.~ 22.60 11.11 2518 26.19 52180 
38.04 -16.03 41.28 22.85 -84.80 22.52 11.57 25.32 27.20 454.60 
43.52 -IB.35 47.23 22.86 -70.40 25.99 11.86 28.57 24.52 499.50 
43.02 -18.65 46.00 23.44 -81.10 26.04 12.83 29.03 26.24 539.50 
43.12 -17.95 46.70 22.60 -8.40 25.00 12.66 2873 26.13 548.70 
49.09 -21.37 53.54 23.52 -74.40 28.99 13.84 32.13 25.52 543.20 
49.19 -21.77 53.79 23.B7 -71.00 29.01 13.00 32.16 2556 569.50 
49.29 -21.67 53.84 2373 -76.80 28.79 13.84 31.95 25.67 635.50 
54.17 -2219 56.77 22.Bl -B7.~ 32.99 16.02 36.67 25.69 511.50 
54.17 -22.99 56.84 22.99 -49.60 33.08 13.92 35.89 22.62 567.00 
54.38 -21.69 56.54 21.75 -64.90 33.68 14.42 36.64 23.17 643.20 

< - .olling spin -> '. of Vx ". of V. lab,. 
ASpin from Vx from V. roll spin .011 spin deha Vx deha Vy ho.iz COR yen COR ails COR 80Lt."8\n/AVX.AVy 
451.6 365.8 439.5 96.3 81.8 10.5 18.2 0.5331 0.774 0.582 1.367 0.574 
404.4 382.4 445.6 87.6 75.2 10.1 17.7 0.5530 0.7::6 0..588 1.280 0.574 
414 373.8 4::6.8 103.0 87.B 94 17.1 0.5653 0790 0..607 1.330 0552 

446.4 475.4 545.4 85.6 74.6 11.0. 20.4 0.5861 0745 0.615 1.230 0.536 
429.9 474.2 546.6 003 76.6 11.3 20.4 05795 0.775 0.614 12ffi 0.553 
473 468.8 539.2 87.4 76.0 11.4 20.8 0.5743 0724 0..602 1.220 0.548 

529.9 585.7 660.2 78.9 70.0 129 24.2 0.5965 0.700 0..615 1.150 0.536 
400.5 541.7 625.0 76.4 66.2 13.4 23.5 O.57ffi 0..774 0.605 1.301 0.570 
464,3 564.1 639.6 77.0 67.9 12.5 22.9 0.5960 0.756 0.623 1.231 0.546 
522.2 694.6 785.2 69.8 61.8 15.5 28.3 0.5947 0..732 0.618 1.199 0.547 
617.1 600.3 767.0 75.8 68.0 15.8 28.7 0.5aOO o.~ 0.596 1.()53 0.551 
539.4 687.4 772.B 66.1 56.8 15.5 27.6 0.5920 0.722 0.613 1.100 0.562 
569.9 796.0 875.0 621 571 17.5 30.2 0.5973 0..646 0605 1.073 0.500 
620.6 793.0 884.1 68.0 61.0 17.0 31.5 0.6053 0.688 0.619 1.120 0.539 
557.1 787.4 877.1 691 62.6 17.3 30.6 0.5962 0.705 0..615 1.156 0.566 
617.6 888.0 963.9 61.2 55.2 20.1 35.2 o.~ 0.648 0.600 I.IES 0.571 
640.5 883.7 979.6 64.4 58.1 20.2 35.6 0.5699 0.638 0.598 1.071 0.566 
712.3 878.9 975.2 72.3 65.2 20.5 35.5 0..5842 0.639 0.593 1.062 0.577 
596.B 1010.5 1123.3 SO.6 45.5 21.2 ::6.B 0.6091 0.703 0.624 1.135 0.546 
617.4 1007.7 1093.3 56.3 51.9 21.1 36.9 0.6107 0.606 0.610 0.992 0.571 
708.1 1028.2 l11B.4 62.6 57.5 201 361 0.6195 0.665 0.626 UEG 0573 
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ro 
c.. 
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U 
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"0 
C 
Q) 
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J!I 
tn 
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.!!! 
C) 
c: 
ns 
C) 
c: 
.~ 

ca 
> 
~ 
0 

Ang .ef Ball ;; 
anglel 1 

2 
3 

angle2 1 
2 
3 

angle3 1 
2 
3 

angle4 1 
2 
3 

angle5 1 
2 
3 

angle6 1 
2 
3 

In 
Vx Vy V. angle Topspin 

20.37 -26.04 33 00 51 96 -43.70 
20.81 -26.51 33.70 51.86 -13 3J 
20.75 -26.82 33.92 52.27 -1.80 
24.59 -23.14 33.76 43.27 -7460 
24.72 -23.60 34.17 4367 -39 ro 
24.00 -23.35 33.53 44.15 -43.10 
26.63 -19.6733.11 :E.44 -56.3J 
26.96 -19.81 33.45 :E.3J -29.10. 
26.43 -19.49 32.84 :E.40 -8.90 
29.16 -17.27 33.89 3J.65 -3.10 
28.79 -17.23 33.55 3J.89 -48 90 
28.18 -1657 3269 3J45 -48 00 
29 47 -14.68 32.92 26.48 -25 10 
3J.23 -14.78 33.65 26.00 -24.40 
3J.18 -14.91 33.66 26.28 -35 40 
31 65 -14 37 34.76 24.41 -13310 
31.74 -14.02 34.69 23.83 -102.40 
31.08 -1308 3172 22.82 -100.70 

Out <- .olling spin -> 

Vx Vy V. angle Topspin ASpin hom Vx hom V. 
10.22 18.81 21.41 61.49 292.60 333.3 313.0 655.7 
9.83 19.10 21.48 62.77 296.00 3)9.3 299.3 654.2 
10.59 19.00 21.80 60.93 289.ro 291.7 m.4 665.6 
12.00 17.55 21.3J 55.44 386.60 461.2 370.1 652.5 
1248 17.69 21.65 54.80 378.00 417.9 380.2 659.6 
12.20 16.83 20.78 54.05 416.50 459.6 372.5 634.5 
1354 14.96 20.17 47.86 458.ro 515.2 414.5 617.8 
1341 15.28 20.33 4813 476.3J 505.4 400.5 619.4 
13.68 '4.52-'9.95 46.70 459.80 468 7 417.6 600.9 
15.09 13.65 20.35 42.13 552.ro 556 462.2 623.2 
15.31 12.60 19.83 39.47 540.00 588.9 466.2 603.9 
1503 12.46 19.53 39 66 56940 617.4 458.9 596 1 
1582 12.00 1990 37.35 587.ro 613 484 7 609.6 
15.98 11.61 19.75 35.98 617.50 641.9 486.8 601.6 
15.95 11.58 19.71 35.97 596.10 631.5 487.0 601.7 
1820 10.45 20 99 29.85 51820 651.3 557.5 642.8 
18.88 10.18 21.44 28.33 499.50 601.9 574.9 653.2 
1785 10.31 20.61 3J.02 502.70 609.4 544.8 629.2 

·'ofVx ·'ofV. fabsJ 
.01l501n .011 spin oIelta Vx delta Vy horlz COR 

93.5 44.6 10.2 44.8 0.5015 
98.9 45.2 110. 45.6 0..4722 
89.7 43.6 10..2 45.9 0..5104 
104.5 59.3 12.5 40.7 0..4915 
99.4 57.3 12.2 41.3 0..5050 
111.8 65.6 11.9 40.2 0..5072 
110..7 74.3 13.1 34.6 0..5082 
116.6 76.9 13.6 35.1 0..4974 
110..1 75.5 12.B 34.0. 0..5176 
119.6 88.7 14.1 3J.9 0..5176 
115.8 89.4 135 29.8 0..5315 
124.1 955 13.2 29.0 0..5334 
1213 96.4 13.6 26.8 0..5370. 
126.8 102.6 14.2 26.4 0..5287 
122.4 99.1 14.2 26.5 0..5286 
92.9 806 13.4 24.8 0..5752 
86.9 76.5 12.9 24.2 0.5948 
92.3 79.9 13.2 23.4 0.5742 

+ve Vyin venCOR akCOR 
26.04 Dm 0648 
26.51 0..721 0..637 
26.82 0..711 0..643 
23.14 0..758 0..631 
23.60 0..750 0.634 
2335 0..720 0.620 
19.67 0..761 0600 
19.81 Dm 0.600 
19.49 0..745 0.607 
17.27 0..790 0.600 
17.23 0..732 0..591 
1657 0..752 0597 
14.68 0..823 0605 
14.78 0..785 0..587 
14.91 o..m 0..586 
1437 D.n7 0..604 
14.02 0..726 0.618 
13.00 0.788 0.611 

8od'~n I AVx,IJ.Vy 
1184 0.226 
1210. 0..241 
1.166 0..221 
1.281 D.3J7 
1.255 0.296 
1.224 0..295 
1.313 0..378 
1.342 O.:Bi 
1.283 0.375 
1.375 0..455 
1.278 0..452 
1302 0453 
1.411 0.510 
1.381 0.540 
I.E 0.537 
1223 0.542 
1.189 0.532 
1.315 0..566 

on 
N 



ro -ro 
"0 

t5 .!! ro 
a. -.s as 

..c 
Q) "'C 
::J (l) 
0- ... 
.0 

:::J ... 
0 CJ 

C 
:::J 
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C 
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"'C 
(l) 
tJ) 
'i: 
:::J 
tJ) 
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(l) ... 
c. 
(l) 
CJ 

~ 
:::J 
tJ) 

E 
:::J .-

"'C 
(l) 

E 

tJ) 

as 
..c 
C) 
C .-
C) 

(,) C 
as 

.~ .c 
"0 0 c 
Q) 
a. ." a. 
<{ 0 

-d 
(I) 
~ 
~ ..... 
u c: 
~ 
0.. 
CIl 
(I) ..... 
0 c: 
(I) 

'"0 

Z 
-d' 
(I) 
CIl .-~ 
~ 
CIl 
CIl 
(I) 
~ 
0.. 
rn 
(I) ..... 
0 c: 
(I) 

'"0 
0.... 
(I) ..... 
0 
Z 

surf bel type spin 

medium 

me' 
m 

m 

m 

me' 
m, 

m 
m, 

m, 
m 
m, 

m, 

m 
m, 

me 

me' 
me' 
mediul 

medium 

~ 

Yx'n Yyrn Yin I4n a., YXN 

27.94 -14.25 31.36 -603.7 27.02 16.61 

2915 -14.54 32.58 -759.6 26.5 1 15.71 

29.67 -14.41 32.99 -588.5 25.89 15.58 

3J.50 -15.33 34.14 -557.3 2669 17.24 

3J.18 -14.55 33.51 -568.3 25.74 16.53 

3J.26 -14.79 33.68 -599.4 26.05 16.86 

29.58 -13.09 32.35 -402.9 23.86 18.85 

29.34 -12.82 32.02 -361.6 23.60 19.02 

29.32 -12.57 31.~ -378.6 23.20 17.84 

28.16 -12.51 30.81 -lB.l 23.96 17.71 

27.58 -12.11 30.12 -36.7 23.71 16.67 

27.25 -12.15 29.84 -34.4 24.03 16.73 

28.15 -12.28 30.71 349.7 23.56 17.83 

28.00 -12.78 30.78 266.6 24.54 17.83 

27.55 -12.57 3J.28 281.9 24.52 17.39 

30.36 -13.09 33.06 444.9 23.32 22.$ 

30.03 -12.52 32.54 548.3 22.63 21.15 

30.75 -13.01 33.39 515.7 22.93 22.58 

30.55 -13.62 33.45 537.9 24.03 23.84 

31.41 -12.99 33.99 722.7 22.46 22.87 

31.19 -13.11 33.83 541.0 22.80 23.14 

28.80 -14.83 32.39 -547.2 27.25 16.~ 

29.27 -14.64 32.73 -51B.5 26.57 16.87 

29.85 -14.82 33.33 -541.6 26.40 16.63 

28.Bl -14.B4 32.41 -523.6 27.25 16.69 

29.72 -15.09 33.33 -549.4 26.91 16.74 

29.61 -14.76 33.08 -550.2 26.49 16.7B 

27.63 -13.29 30.66 -304.5 25.69 17.66 

28.96 -13.42 31.92 -2899 24.87 17.77 

28.57 -13.40 31.56 -276.0 25.13 17.81 

28.85 -12.93 31.62 -41.9 24.15 18.3J 

2B.26 -11.97 30.69 -58.0 22.95 17.47 

2B.61 -12.91 31.39 -40.7 24.29 17.70 

29.49 -12.68 32.11 250.0 23.27 19.14 

29.49 -12.41 32.00 313.1 22.82 19.18 

29.47 -12.65 32.07 289.3 23.23 18.42 

29.46 -12.73 32.10 321.3 23.36 20.93 

30.10 -12.71 32.67 397.7 22.89 21.59 

28.97 -13.20 31.83 354.3 24.50 20.60 

30.68 -12.66 33.19 473.3 22.43 21.25 

30.37 -13.75 33.34 416.5 24.36 21.40 

29.27 -13.16 32.09 354.9 24.21 21.54 

Yyod Yout ll.W 9o..c COR COR:obs 

9.53 19.15 llE.8 29.85 0.67 0.61 

9.48 18.35 149.0 31.10 0.65 0.56 

10.11 18.57 131.4 32.$ 0.70 0.56 

945 19.66 160.7 28.74 0.62 0.58 

9.55 19.09 177.4 3J.o1 0.66 0.57 

9.34 19.28 152.6 28.99 0.63 0.57 

9.21 20se 2242 26.05 0.70 0.65 

8.79 20.95 210.9 24.00 0.69 0.65 

9.29 2012 183.3 27.50 0.74 0.63 

9.se 20.33 386.3 29.39 o.Ell 0.66 

963 19.25 396.1 30.00 0.79 0.64 

9.74 19.35 387.3 3021 O.Ell 0.65 

10.26 20.57 ~.4 29.91 0.84 0.67 

9.82 20.36 6ElJ.3 28.85 0.77 0.66 

9.96 20.04 568.8 29.78 0.79 0.66 

9.62 24.89 694.3 22.74 0.74 0.75 

10.53 23.63 671.1 26.46 0.84 0.73 

10.25 24.80 ~.6 24.42 0.79 0.74 

9.64 25.71 686.6 22.01 0.71 0.77 

9.92 24.93 749.3 23.45 0.76 0.73 

9.87 25.15 71E.8 23.10 0.75 0.74 

8.15 lB.76 189.8 25.73 0.55 0.58 

8.14 lB.73 193.7 25.76 0.56 0.57 

7.92 lB.42 172.7 25.47 0.53 0.55 

B.06 18.53 200.0 25.78 0.54 0.57 

B.74 18.88 245.5 27.56 0.58 0.57 

B.30 lB.72 237.7 26.32 0.56 0.57 

8.00 19.39 264.0 24.36 0.60 0.63 

7.73 19.38 226.4 23.51 0.58 0.61 

8.65 19.Ell 291.1 25.89 0.65 0.63 

8.51 20.18 457.8 24.94 0.66 0.64 

B.56 19.45 447.5 26.10 0.72 0.63 

9.01 19.86 327.7 26.97 0.70 0.63 

B.15 20.81 470.3 23.07 0.64 0.65 

B.55 21.00 497.8 24.03 0.69 0.66 

B.53 2O.3J 456.3 24.84 0.67 0.63 

7.61 22.27 533.8 19.98 0.60 0.69 

7.10 22.72 559.3 18.20 0.56 0.70 

B.02 22.11 545.7 21.28 0.61 0.69 

7.87 22.66 626.6 20.33 0.62 0.68 

7.94 22.83 465.0 20.36 0.58 0.68 

8.09 23.01 486.5 20.59 0.62 on 

p. SPR 

0.48 52.4 
0.56 44.1 
0.57 42.5 
0.53 46.5 

0.57 43.4 
0.56 44.5 

0.48 51.9 
0.48 52.2 

0.53 47.5 

0.46 53.5 

0.50 49.8 
0.48 51.9 
0.46 54.2 
045 55.0 

0.45 54.9 
0.33 67.4 
0.39 61.5 

0.35 64.9 
0.29 71.1 
0.37 62.7 
0.35 65.0 

0.52 48.2 
0.54 45.6 
0.58 41.9 
0.53 47.0 
0.55 45.5 
0.56 44.4 

0.47 532 
0.53 47.1 
0.49 51.2 
0.49 50.8 
0.53 47.4 
0.50 50.2 
0.50 50.3 
0.49 50.8 
0.52 47.8 
0.42 58.1 
0.43 57.0 
0.39 60.6 
0.46 54.1 
0.41 58.6 
0.36 63.7 

% roll 

21.2 
31.3 
27.8 
31.8 
35.4 
29.9 
39.2 
36.6 
33.9 
72.0 
78.4 
76.4 
109.3 
125.9 
107.9 
99.8 
104.7 
100.9 
95.1 
103.1 
100.8 
37.1 
37.9 
34.3 
39.5 
48.4 
46.7 
49.3 
42.0 
53.9 
82.6 
84.5 
61.1 
811 
85.7 
81.8 
84.1 
85.5 
87.4 
97.3 
71.7 
74.5 

e....19.-
1.10 
1.17 
1.27 
1.00 
1.17 
1.11 
1.09 
1.05 
1.19 
1.23 
1.27 
1.26 
1.27 
118 
1.21 
O.se 
1.17 
1.1E 
0.92 
1.04 
1.01 
0.94 
0.97 
0.$ 
0.95 
1.02 
0.99 
0.95 
0.95 
1.03 
1.03 
1.14 
1.11 
0.99 
1.05 
1.07 
0.86 
0.80 
0.87 
0.91 
0.84 
0.85 

N 
V) 

N 



m --m 
"0 
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a. CG 
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CT I-

.0 
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0 0 
C 
~ 
e. 

surf baltype spin Vxin Vyrn Vin Won ~ VXOl.6. VyOI.6. 

medium L -3 30.39 -14.83 33.81 -716.4 26.02 15.44 9.51 
"C medium L -3 3139 -16.33 35.38 -516.1 27.48 15.56 9.61 
C 
CG medium L -3 30.88 -14.52 34.13 -575.5 25.17 15.59 9 11 

"C medium L -2 29.36 -15.78 33.33 -584.1 28.25 17.09 9.52 
CD 
fI) medium L -2 31.15 -15.59 34.84 -537. 6 26.59 16.53 9.67 
. .: 
~ 
fI) 

medium L -2 30.04 -15.70 33.89 -624.0 27.59 15.83 936 
medium L ·1 30.22 -13.21 32.98 -341.1 23.62 18.12 8.55 

fI) 
CD medium L -1 29.64 -13.05 32.39 -333.1 23.77 17.27 8.80 
l-
e. medium L -1 29.98 -12.87 32.62 -362.1 23.23 18.ffi 9.08 

CD 
(.) 

-2 
medium L 0 27.68 -12.17 30.23 -24.8 23.73 16.50 9.02 
medium L 0 27.74 -12.18 30.30 -12.3 23.71 17.40 8.58 
medium L 0 27.17 -11.99 29.70 1.5 23.81 17.03 8.95 

~ 
fI) 

E 
~ 

medium L 1 28.80 -13.72 31.90 395.1 25.48 18.79 9.11 
medium L 1 30.10 -13.29 32.91 365.9 23.82 19.51 9.38 
medium L 1 28.24 -12.65 30.94 454.6 24.13 19.08 9.55 .-

"C medium L 2 27.96 -14.01 31.27 575.2 26.62 22.50 9.44 
CD 
E (JJ 

(JJ 

~ 

medium L 2 30.49 -13.88 33.50 580.3 24.47 22.81 8.66 
L 2 32.11 -14.62 35.28 625.0 24.48 23.70 9.94 medium 

Q) 
fI) I-< 

~ - (JJ 

CG (JJ 

.c Q) 
I-< 

medium L 3 30.85 -1273 33.37 468.4 22.43 23.37 936 
medium L 3 30.21 -14.83 33.66 592.8 26.15 24.02 8.86 
medium L 3 29.66 -14.54 33.03 455.7 26.11 24.74 9.46 

C) 0.. 
C (JJ .- Q) 

C) .... 
0 

0 C t::: 
CG Q) 

.~ ..c '"0 
"0 0 .....4 c 
Q) Q) a. U! ... 
a. 0 
« 0 Z 

Vout ~ Bot. COR CORabl 

18.14 228.3 31.61 0.64 0.54 
18.29 186.9 31.71 059 0.52 
18.05 198.6 3:1.32 0.63 053 
19.56 239.2 29.13 0.60 0.59 
19.15 264.0 30.33 0.62 0.55 
18.40 262.8 31160 060 0.54 
20.04 323.0 25.26 0.65 0.61 
19.38 281.3 27.00 0.67 0.60 
20.21 274.3 26.69 0.71 0.62 
18.80 434.6 28.66 0.74 0.62 
19.40 395.5 26.24 0.70 0.64-
19.24 405.1 27.71 0.75 0.65 
20.89 551.1 25.86 0.66 0·65 
21.65 556.1 25.69 0.71 0.66 
21.33 524.5 26.60 0.76 0.69 
24.40 657.5 22.77 0.67 0.78 
24.40 603.5 20.78 0.62 0.73 
25.70 672.1 22.75 0.68 0.73 
25.17 749.7 2182 073 0.75 
25.61 660.0 20.26 0.60 0.76 
26.49 629.9 20.93 0.65 0.80 

Jl. SPR 

0.61 38.6 
0.61 39.0 . 
0.65 35.3 

_.0.49 51.5 
0.58 42.1 
0.57 43.3 
0.56 44.4 
0.57 43.4 
0.54 45.7 
0.53 47.2 
0.50 50.2 
0.48 51.6 
0.44 56.2 
0.-47 53.3 
0.-41 58.7 
0.23 76.7 
0.34 65.9 
0.34 65.8 - . 

0.34 66.1 
0.26 73.9 
n2f1 79 ~ 

% roll 

48.8 
39.7 
42.0 
46.2 
52.7 
54.8 
58.8 
53.8 
50.1 
86.9 
75.0 
78.5 
~.8 

94.1 
00.7 
~.4 

87.3 
93.6 
105.9 
00.7 
R40 

Bot. I &.n 
1.22 
1.15 
1.20 
1.03 
1.14 
1.11 
1.07 
1.14 
1.15 
1.21 
1.11 
1.16 
1.02 
1.08 
1.10 
0.86 
0.85 . 
0.93 
0.97 
0.77 
080 

-

~ 
V) 

N 
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0 c 
Q) 

~\ 
..... 
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surf baI type spin Vx'" Vy'n Vin ll.\n ~ VXOd 

fast P -3 28.97 -15.17 32.70 -634.9 27.63 19.87 

fast p -3 31.51 -14.96 34.88 -633.8 25.40 23.05 

fast P -3 31.05 -14.50 34.27 -087.4 25.04 22.78 

fast P -2 30.34 -14.27 33.53 -521.6 25.18 23.27 

fast P -2 31.12 -14.14 34.18 -595.9 24.44 21.74 

fast P -2 29.28 -13.87 32.40 -588.5 25.35 21.17 

fast P -1 2812 -13.00 31.01 -355.0 24.95 21.57 

fast P -1 28.18 -14.00 31.46 -328.0 26.42 22.56 

fast P -1 2778 -13.02 30.68 -328.4 25.10 22.15 

fast P 0 26.05 -13.03 29.13 -33.9 26.57 21.98 

fast P 0 2722 -13.20 30.26 -59.2 25.87 21.92 

fast P 0 26.84 -12.80 29.73 -0.3 25.50 21.64 

fast p 1 27.58 -12.61 30.33 317.4 24.56 22.16 

fast P 1 26.51 -13.04 29.54 348.3 26.19 22.28 

fast P 1 26.62 -13.86 30.01 424.2 27.51 21.87 

fast P 2 27.97 -14.29 31.41 468.6 27.06 2356 

fast P 2 28.28 -13.04 31.14 475.6 24.75 22.80 

fast P 2 28.88 -13.60 31.92 470.1 25.22 25.00 

fast P 3 29.36 -14.22 32.62 599.4 25.84 23.99 

fast P 3 29.70 -13.92 32.80 561.2 25.11 24.48 

fast P 3 29.18 -13.80 32.28 518.8 25.31 23.78 

slow P -3 29.69 -14.36 32.97 -652.6 25.81 1514 

slow P -3 30.05 -14.72 33.-46 -690.8 26.09 15.85 

slow P -3 28.77 -14.87 32.38 -731.2 27.33 14.87 

29.17 -13.31 15.94 
slow P -2 32.06 -611.3 24.53 

slow P -2 29.95 -14.76 33.39 -597.0 26.24 14.94 

slow p -2 29.98 -14.52 33.31 -577.9 25.84 14.41 

slow P -1 27.61 -12.68 30.39 -372.5 24.67 14.05 

slow P -1 28.43 -13.15 31.33 -306.9 24.82 14.45 

slow P -1 27.45 -13. 27 30.49 -381.1 25.80 13.65 

slow P 0 27.01 -12.97 29.97 -36.4 25.64 14.03 

slow P 0 26.37 -12.85 29.33 -22.5 25.99 13.25 

slow P 1 27.35 -12.80 30.19 304.4 25.09 17.34 

slow P 1 26.56 -12.99 29.57 290.5 26.06 16.83 

slow P 1 27.99 -13.09 30.90 272.6 25.06 17.14 

slow P 2 28.24 -14.06 31.54 474.5 26.46 20.92 

slow P 2 28.34 -13.13 31.23 487.6 24.86 20.22 

slow P 2 27.71 -13.06 30.64 477.2 25.22 20.45 

slow p 3 28.55 -13.73 31.68 501.0 25.69 22.03 

slow p 3 28.09 -13.87 31.33 493.6 26.28 21.60 

slow P 3 28.68 -14.86 32.30 756.2 27.39 21.74 

Vyod Vout ll.W e.... COR COR~ 

9.04 21.83 -28.1 24.46 0.60 0.67 

9.51 24.94 -118.5 22.43 0.64 0.71 

8.79 2441 -195.8 21.11 0.61 0.71 

9.43 25.11 -177.2 22.06 0.66 0.75 

8.10 23.20 27.0 20.42 0.57 0.68 

8.92 22.97 -69.6 22.86 0.64 0.71 

9.01 23.38 -6.7 22.66 0.69 0.75 

9.44 24.46 63.4 22.71 0.67 0.78 

9.55 24.12 -31.2 23.32 0.73 0.79 

9.40 23.91 212.3 23.15 0.72 0.82 

9.74 23.99 210.7 23.97 0.74 0.79 

9.55 23.66 207.8 23.81 0.75 0.80 

9.81 24.23 39).6 23.88 0.78 0.80 

9.83 24.35 374.6 23.80 0.75 0.82 

10.21 24.14 354.2 25.03 0.74 0.80 

9.99 25.59 561.8 22.98 0.70 0.81 

8.99 24.51 626.6 21.51 0.69 0.79 

9.45 26.72 589.5 20.70 0.69 0.84 

9.17 25.68 599.3 20.93 0.65 0.79 

10.35 26.58 645.4 22.91 0.74 0.81 

10.20 25.87 671.0 23.21 0.74 0.80 

8.68 17.-45 125.0 29.84 0.60 0.53 

8.94 18.20 110.9 29.-42 0.61 0.54 

9.19 17.48 195.1 31.73 0.62 0.54 

8.79 18.20 156.2 28.87 0.66 0.57 

9.19 17.54 226.4 31.60 0.62 0.53 

9.00 16.99 280.4 31.98 0.62 0.51 

9.20 16.80 251.7 33.22 0.73 0.55 

9.20 17.13 230.6 32.50 0.70 0.55 

9.50 16.63 305.3 34.84 on 0.55 

10.11 17.29 464.1 35.76 0.78 0.58 

9.89 16.54 421.5 36.74 0.77 0.56 

10.37 20.21 503.8 30.87 0.81 0.67 

10.50 19.83 579.4 31.96 0.81 0.67 

10.30 20.00 543.9 31.00 0.79 0.65 

9.88 23.13 644.2 25.29 0.70 0.73 

9.91 22.52 625.7 26.09 0.75 on 
9.26 22.45 626.2 24.36 0.71 0.73 

10.29 24.31 638.6 25.03 0.75 0.77 

9.75 23.70 598.9 24.30 0.70 0.76 

9.95 23.91 716.0 24.60 0.67 0.74 

It SPR 

0.38 62.4 
0.35 65.4 
0.::6 64.5 
0.30 70.1 

0.42 57.8 
0.::6 64.4 

0.30 70.3 

0.24 76.0 
0.25 75.0 

0.18 81.9 

0.23 76.9 

0.23 76.8 
0.24 75.8 
0.18 81.5 

0.20 80.3 .. 

0.18 81.8 
0.25 75.1 
0.17 83.2 
0.23 77.0 
0.21 78.5 
0.23 77.5 
0.63 36.9 

0.60 40.0 
0.58 42.2 -
0.60 40.1 
0.63 37.3 

0.66 33.8 
0.62 38.0 
0.63 37.5 
0.61 39.4 
0.56 43.7 
0.58 42.3 
0.43 56.8 
0.41 58.5 
0.46 53.6 
0.31 69.4 
0.35 64.8 
0.33 67.5 
0.27 72.9 
0.27 72.5 
0.28 72.0 

% roll 

-4.7 
-17.0 
-28.4 
-25.1 
4.1 

-10.8 
-1.0 
9.3 
-4.6 
31.9 
31.7 
31.7 
58.2 
55.5 
53.4 
78.7 
90.7 
77.8 
82.4 
87.0 
93.1 
27.2 
23.1 
43.3 
32.3 
SO.O 
64.2 
59.1 
52.7 
73.8 
109.1 
105.0 
95.9 

113.6 
104.7 
101.6 
102.1 
101.0 
95.7 
91.5 
108.7 

.. 

.. 
.. 

- . 

e..../9", 

0.89 
0.88 
0.84 
0.88 
0.84 
0.9) 
0.91 
0.86 
0.93 
0.87 
0.93 
0.93 
0.97 
0.91 
0.91 
0.85 
0.87 
0.82 
0.81 
0.91 
0.92 
1.16 
1.13 
1.16 
1.18 
1.20 
1.24 
1.35 
1.31 
1.35 
1.39 
1.41 
1.23 
1.23 
1.24 
0.96 
1.05 
0.97 
0.97 
0.92 
0.90 

~ 
In 
N 
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