































































































































































































































































































































































































































































































































































































































































































Chapter 10 Oblique impact model
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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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Figure 10.24 (a-c) Model predictions for (a) rebound speed, (b) rebound spin and (c) rebound
angle for impacts of three ball types at a nominal speed of 30 ms™” and a nominal angle of 24°
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 4 and the
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Chapter 10 Oblique impact model

damping coefficient Cy 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 tests was used

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 k, values.
Model predictions are shown in Figure 10.26, Figure 10.27 and Figure 10.28. Changing
any of the coefficients by even 20% makes no noticeable difference to the speed and spin —
these model outputs cannot be differentiated on the graphs. A small to moderate change in
the rebound angle is produced, but this is only evident in the incoming spins which slide
throughout impact. It is interesting to note that increasing the damping does not alter the

rebound speed of an oblique impact — although the vertical speed is reduced, the horizontal
speed is increased as discussed in Chapter 9, leading to a change in angle.

These results suggest that none of the parameters in themselves are particularly sensitive to
errors. The different behaviours of various ball constructions seem to be due to

combinations of changes of the three variables (or simply much larger changes, as between
the stiffnesses of pressurised and punctured balls).
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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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Figure 10.28 (a-c) (a) Rebound speed, (b) rebound spin and (c) rebound angle showing the
original model, and with 10% and 20% higher damping coefficient C, 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

14.2.a 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
modern 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’' at specified racket positions.
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11.2.b Model description
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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 (kz) and
dashpot damper (Cp) 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™ in order to provide a energy loss of 5%,
corresponding to the experimental results of Cross (2000).

Actual racket 2D approximation 1D approximation

(F),
| —* Sy i ) .
| | - Impact
‘ point

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 shape as shown in
Figure 11.2(a). A two-dimensional approximation was first created to represent the varying
mass distribution, which provided the same mass and balance point as the racket. This was
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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 m,, position along the beam x
and length s, where each segment has displacement y, and is acted on by a force F,,. giving
equation [11.1] which can be numerically solved. Model verification and further detail can
be found in Goodwill and Haake (2003).

o'y, 2'y,
m, 5 =F,,—[E1s P [11.1)

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. C), and C, 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 C), and C}, 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
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Figure 11.3 The interface to the racket properties.

As already stated, the main aim was ease of use of the software. The interface to the racket
model was taken from Goodwill (2002) who constructed a standalone program for this

part. Figure 11.3 shows the ball and racket properties screen, where the relevant parameters
can be viewed and defined.

The aerodynamic model required much less user input. As it would be difficult to describe
lift and drag coefficients numerically at run-time, these were coded into the software for
the selection of balls tested. Future work may provide functionality to take data straight
from automated wind tunnel tests, but this was not judged practical or necessary.

11.5.b Output data
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Figure 11.4 Trajectory output and numerical data from the model.

The combined trajectory of the shot (including before and after impact) can be shown in
several ways. The most visual representation is a three-dimensional view which can be
rotated to see the path of the ball from any viewpoint. An example is shown in F igure 11.4,

An overhead view can also be used to see the velocity, spin etc at any point on the
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™ (99.5 mph). An interesting side note is that the
mode! 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 e al. (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 of 2500 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™ (65 mph) at
an angle of 17.47 degrees to the horizontal.

3

N

Base line

Height (m)

Service line

-

D i T

0 5 10 15 20 S
Horizontal distance along court (m) 2

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

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™
(46.3 mph) at 18.9 degrees to the horizontal, with a spin of 593 rads™. After applying the
trajectory model again, the speed at the baseline was calculated to be 17.4 ms™ (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 F igure 11.5

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

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 differences between
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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™ of incoming topspin. Both oblique models matched
the experimental rebound speed of 21 ms™. Similarly, both had the same rebound spin
value, of 700 rads™ of topspin. The experimental value here was somewhat lower, at about
600 rads™. 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.
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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 experimental and
model rebound characteristics for the impact which was assumed to be 18 metres along the
court (close to the service line). The results are shown in Figure 11.6. All three trajectories
are plotted up to the time interval where the experimental trajectory reached the baseline.
In each case the horizontal position is almost exactly the same. At this point the
experimental rebound characteristics predict a bounce height of 2.16 m. According to the
first oblique model the ball has a height of only 1.77 m. This discrepancy of 39 c¢m is
significant. The model with the spin-compensated damping has a height of 2.08 m. This is

8 cm below the experimental position of the ball, meaning the addition of this damping
term has reduced the error to about a fifth.

For all other data sets (except those with high impact angles), the difference between
model predictions and experimental rebound characteristics was much smaller. A
maximum error of 8 cm in the position of the ball after travelling such a large distance was
judged to be acceptable. It is also worth noting that the nominal impact conditions chosen

throughout were deliberately used as the “worst-case” scenario likely to be seen. Most
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impacts produced by real shots would have a considerably lower vertical velocity. This
would reduce the effect of deformations on energy loss, making the impact easier 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.

11.6.c Comparing pressurised and pressureless balls

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

racket swing speed used in 11.6.a produced a slightly slower ball speed of 43.4 s
(compared to 44.2 s for the pressurised ball).
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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 pressurised
ball. The two balls behave in a very similar manner, and the pressureless ball reaches the

baseline only 3 cm lower than the pressurised ball. This difference is extremely unlikely to
be noticed by a player.

11.6.d The effect of an oversized ball

The software was also used to analyse the effect of an oversized ball. The serve speed and
angle described in 11.6.a was used to calculate the trajectory (before and after impact on
the court) of a normal ball. An oversized ball of 6.5% larger diameter (70.3 mm compared
to 66 mm) was simulated with the same launch conditions. A goal seek was then used to
vary the angle so that the oversized ball landed on the service line. This would be a more

realistic simulation of a real serve, as a player would adjust the way he hit the ne

w ball
(after some experience) to achieve the same results.
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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 finishing
positions relative to the time the normal ball reached the baseline. Hitting the oversized
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 lands on the service
line, the ball is hit higher (2.38 degrees below horizontal compared to 3.09 degrees) but the
extra drag brings its flight down. Interestingly, the normal and oversized balls follow fairly
similar trajectories after impact, although the oversized ball is slower and starts to “dip”
soon after the time shown, landing well short of the normal ball for its second bounce.

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

820 ms. This time difference is significant, and would be noticed by the receiving player as
a “slower” shot.

11.7 Summary

Although not within the initial remit of the study, a piece of software was developed to aid
the use of the oblique impact model, particularly in predicting the effect of a whole shot
from one player to the opponent. This software was used to assess the effect of errors in

rebound predictions on the ball trajectory after bouncing, and particularly the result when
the ball reached the other end of the court.

It is hoped that the software presented here could be of use to the ITF in their role of
assessing the effect of technology on the sport of tennis, and perhaps it could prove useful
to the tennis industry in general as a predictive tool for comparing potential new products.
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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 o;‘
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 t;nnis
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 interactior;
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™', 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’!, 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.

42.2.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
jmpacts 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
yertical 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

e 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
arigid surface.

e 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.

e 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.

e A viscoelastic model was able to predict the force-time properties of normal impact
at all speeds tested (up to 20 ms’') 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.

o 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.

e 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 beyonc;
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 deformatior;
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
clement 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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A Ball specifications from The Rules of Tennis

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

The ball shall be more than 1.975 ounces (56.0 grams) 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 (134.62 cm) and less than 58
inches (147.32 cm) when dropped 100 inches (254.00 cm) 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
(1.080 cm) at 18 1b. (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 I* January 2000 until 31*" 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 (397 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 I 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 (fast) should only be used for play on court surface types which

have been classified as Category 1 (slow pace) (see Appendix ).

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 (fast pace) (see Appendix I).

For non-professional play any ball type may be used on any surface type.
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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 conducted in an atmospheric 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 cm). 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’', 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 mode! data (solid lines) for

force against c1entre of mass displacement, for a pressurised ball impacting normally between
5.8and 20 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 ce_r}tre of mass displacement, for a pressureless ball impacting normally between
5.9and 20.1 ms .

245



Appendix B Normal impact model — force-deflection results

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 cer:tre of mass displacement, for an oversized ball impacting normally between
58and 19.9ms".
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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 against1centre of mass displacement, for a punctured ball impacting normally between 5.9
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.1 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.

pulace Ball type | Vin (m/s) - (degf'ees @i (rads™)
to horiz)
ing spi a9 24 -600 to 600
Varying spin,
speed & ' Medium Pressurised 25 to 60 24 0
angle 7
30 24 10 52 0
- Fast .5
(u=03)
Changing Medium ;
Press d 30 2
surface | (1 =0.55) g 24 600 to 600
Slow
(u=0.61)
Pressurised
Changing ¢
ball type Medium | pressureless 30 24 -600 to 600
Punctured
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Oblique impact data

tests

ing spin

Appendix C
C.2 Vary

[ in Out <_rollingspin —> % ofVx *ofVi
Spinref Ball# | Vx Vy Vi angle Topspin| Vx Vy Vi angle Topspin |ASpin fiom Vx from V1 _roll spin _soll spin 4 Vx AVy AVX'AVy horiz COR vert COR_ abs COR 004 8in
83 1 2819 -1264 30.89 2415 61880 [1690 767 1855 2440 4540 |6B42 5175 568.3 88 8.0 -11.3 203 0.5 05995 = 0607 0.601 1011
2 |2850 -1278 31.23 2415 62170 {1744 777 1908 2403 2520 | 6469 5312 581.6 47 43 111 206 054 06120 " 0808 o611 0.995
3 |2834 -1223 3087 2335 62050 |1705 729 1855 2316 3700 (6575 5205 566 1 71 65 -11.3_185 058 06017 " 053 0601 0992
B25 1 |2834 -1254 3099 2388 -64660 |17.35 790 19.06 2448 4540 | 892 5312 5837 85 78 110 204 054 06120 '~ 0830 0615 1.02%
2 [2859 -1223 3110 2317 57730 |17.96 728 1938 2206 1310 [5904 5472 5904 24 22 106 195 054 06284 ° 0595 0623 0.952
3 |2995 -1258 3248 2278 55830 {1905 767 2053 2192 2590 5842 5814 626.8 45 41 109 202 054 0630 " 0610 0632 0.963
B2 1 {2710 -1231 2977 2443 48450 |1572 818 17.72 2748 13990 [ 6244 4814 5427 291 28 114 205 0% 05800 ’ 0664 0595 1125
2 {2702 -1216 2063 2422 -48010 |1659 812 1846 2607 11690 597 505.2 562.4 231 208 -104 203 051 06138 ” 0668 0623 1.076
3 2788 -1285 3070 2476 53570 [16.46 829 1843 2672 10870 | 6444 5025 562.6 216 193 114 211 0.54 05906 " 0645 0.600 1.079
B15 1 |2676 -1186 2913 2365 -32900 |1552 793 1745 2725 19180 | 5208 4753 5346 40.4 ¥9 112 197 057 05799 ~ 0685 0.598 1.157
2 2769 -1228 3029 2392 -39060 (1629 806 1818 2633 16900 | 5596 493 5537 341 305 -114 203 05 05884 " 0657 0.600 1.101
3 (2633 1239 2910 2520 -284.10 j1562 8.03 1756 2720 17390 | 458 4766 5359 ¥%.5 324 107 204 052 05931 " 0648 0.603 1.079
81 1 2656 -1200 29.14 2432 -28270 (1544 B16 1746 2786 25980 | 5425 4729 5349 549 486 -11.1 202 055 05813 ~ 0680 0.593 1.146
2 [2620 1124 2851 2322 34050 (1482 771 1671 2749 19740 [ 5379 4514 508.9 437 388 114 190 060 05656 ” 06% 0.586 1.184
3 2613 1162 2859 2397 -350.60 [1575 790 1762 2663 18430 | 5349 4808 537.8 36.3 343 -104 195 0.53 06028 " 0.680 0.616 1.1
B0.5 1 {2603 -11.41 2842 2367 -41150 1516 7.74 1702 27.05 18390 | 5954 4643 521.4 396 3%3 -109 132 057 05824 ° 0678 0593 1.143
2 |2617 -1200 2879 2464 -32000 (1533 8.10 1733 2775 16970 | 4897 4689 5298 36.2 320 -108 21 054 05881 " 0675 0.804 1126
3 |2610 -1239 2889 2540 -400.40 [15.12 832 1725 2882 11490 5153 4614 5266 249 218 110 207 0.53 05792 " 0867t 0.597 1.135
0 1 [2579 1110 2807 2330 -12480 |1578 791 1765 2663 37490 [4997 4833 5407 776 693 -160 180 053 06120 ~ 0713 0.629 1.143
2 2520 -1064 2735 2289 -98.40 [1502 813 1708 2842 29790 |39%.3 4576 520.3 65.1 573 -10.2 188 054 05962 ~ 0784 0625 1.242
3 {2561 -1103 2789 23.29 -14570 [1542 827 1750 2820 368.20 [5139 4708 5342 78.2 689 -10.2 19.3 053 0602 " 0750 0.628 1.211
T0.5 1 2663 1177 2820 2467 13340 [1406 904 1672 3274 50670 |[3733 4308 5121 1176 %89 -116 208 0.56 05487 0768 0593 1.327
2 2571 1270 2867 2629 10400 [1499 903 1753 3123 50200 398 456.6 5340 109.9 940 -107 218 0.49 05831 " 0716 0611 1.188
3 |2609 1162 2765 2484 12650 [14.34 864 1674 31.07 439850 372 437.7 5111 1138 975 -10.7 203 0.53 05716 " 0744 0.606 1.251
T 1 2572 1158 2821 2424 18030 1522 892 1764 3037 55520 |[3749 4862 540.4 119.1 1027 -105 205 0.51 05918 7 0.770 0625 1.253
2 |2602 -1185 2853 2448 23930 [1505 886 17.47 3047 54180 | 3025 4585 5320 118.2 1018 -110 207 053 0578 ”~ 0748 0611 1.245
3 |2548 -1216 2823 26551 27860 1518 8.63 1746 2961 54830 | 2697 4633 532.9 118.4 1028  -103 208 0.50 05358 " 0710 0618 1.161
T5 1 |26.17 -1208 2882 2477 34540 [1660 9.17 1896 2891 58530 | 2399 5085 5808 1151 1008 96 212 045 06343 ~ 0759 0658 1.167
2 |2757 1231 3019 2407 33090 |17.17 931 1953 2845 60650 | 2756 5231 595.0 159 1019 -104 216 048 0620 ”~ 07% 0647 1.182
3 |2671 -1270 2958 2542 25530 ]17.10 962 1962 2936 57210 |3168 5219 5388 109.6 3%.5 96 23 043 06400 " 0757 0.663 1.155
T2 1 2794 -1237 3055 2389 39620 |1913 960 21.40 2666 61280 | 2166 5858 6555 1046 935 88 220 0.40 06346 ' 0776 0.700 1.116
2 12695 -1223 2953 2442 48130 |1903 8.84 2099 2492 6283 147 579.7 6393 108.4 9.3 79 211 0.38 07063 7 0723 0709 1.021
3 |2664 -1262 2948 2535 49200 [1840 9.85 2077 2767 61030 | 1183 5616 634.1 108.7 96.2 82 23 0.37 06907 " 0764 0.705 1.092
25 1 2919 -1316 3202 2427 68580 [21.81 1005 2401 2475 6394.20 6.4 667.8 7354 1039 944 7.4 232 0.32 07470 7 0764 0.750 1.020
2 (218 -1247 3174 2313 57700 {2021 883 2205 2359 75330 | 1763 6156 671.8 122.4 121 <90 213 0.42 06923 " 0708 0.695 1.020
3 2834 -1254 3099 2388 54010 |20.92 9.48 2297 2437 68400 | 1439 6386 701.1 107.1 97.6 74 220 034 07382 " 075% 0741 1.021
T3 1 266 -1316 3245 2393 63780 2199 9.37 2390 2308 74560 {1088 6735 7321 1108 1020 77 225 0.34 07415 7 Q712 0737 0.964
2 |2966 -13.48 3257 2444 71020 (2176 9.45 2372 2347 63810 | -721 862.7 7225 9.3 83.3 79 229 034 07337 7 o700 0728 0.960
3 12942 1332 3230 2435 53900 [2215 9.37 2405 2293 66440 | 1254 6760 7340 98.3 90.5 73 227 0.32 07527 " 0703 0.745 0.942
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C.3 Varying speed tests

Appendix C

Speed ref In Out <_rolling spin > % of Vx % of Vi (abs)
{mph) Ball# | Vx Vy Vi angle Topspin| Vx Vy Vi angle Topspin|ASpin from Vx fiom Vs roll spin roll spin deha Vx deha Vy horiz COR vert COR abs COR o“negn[AVx«'AVy
60 1 2240 -10.28 2465 2464 -92.10 {1194 796 1435 3367 35950 {4516 3658 4395 983 818 10.5 18.2 05331 0774 0582 1367 0574
2 2270 -10.18 24.88 2414 -69.30 (1255 751 1463 3090 33510 |4044 3824 4456 876 752 10.1 177 05530 0738 0588 1280 0574
3 21.67 -953 2367 2375 -2B.80 {1225 753 1438 3158 38520} 414 3738 4388 1030 87.8 9.4 171 0.5653 0.7%90 0607 1330 0552
70 1 2649 -11.71 2896 2385 -3950 [1552 873 17.81 2935 40690 |4464 4754 5454 6856 7486 110 204 05861 0.745 0615 1230 0536
2 2687 1151 2923 2320 -11.20 (1557 893 17.95 2983 41870 | 4299 4742 5466 883 76.6 113 204 05795 0775 0614 1286 0553
3 2674 1205 2933 2426 63.20 |15.36 873 1766 2960 40980 | 473 4688 5332 874 76.0 11.4 208 0.5743 0.724 0602 1220 0548
80 1 3206 -1421 3507 2390 6750 |19.12 995 2156 2748 46240 (5299 5857 660.2 789 700 129 242 0.5965 0.700 0615 1150 053%
2 31.17 -13.23 3386 23.00 6690 |17.78 10.24 20.52 2993 41360 |4805 5417 6250 764 66.2 13.4 235 0.5706 0.774 0606 130t 0570
3 31.01 -13.07 3365 2285 -29.80 |18.48 9.87 2095 28.12 43450 [4643 5641 6396 770 679 125 29 0.5960 0.756 0623 1231 0546
90 1 38.14 -16.33 41.49 2318 -37.20 |2268 11.95 2564 27.79 48500 |522 ©946 7852 698 618 155 283 0.5947 0732 0618 1199 0547
2 38.43 -17.63 42.28 2464 -9530 (2260 11.11 2518 26.19 52180 [617.1 68383 7670 758 68.0 15.8 287 0.5880 0630 0596 1063 0551
3 38.04 -16.03 41.28 2285 -84.80 [2252 1157 2532 27.20 45460 [539.4 BB874 7728 661 58.8 155 276 0.5920 0722 0613 1190 0562
100 1 4352 -18.35 47.23 2286 -70.40 [2599 11.86 2857 2452 49950 [5699 79%.0 8750 627 571 175 30.2 0.5973 0646 0605 1073 0580
2  |43.02 -1865 46.88 23.44 -81.10 [26.04 1283 29.03 26.24 53950 |6206 7930 B884.1 680 61.0 17.0 315 0.6053 0.689 0613 1.120 0539
3 [43.12 -1795 4670 2260 840 (25801266 2873 26.13 548.70 |557.1 787.4 8771 637 6526 17.3 306 0.5982 0.705 0615 1156  0.566
110 1 49.09 -21.37 53.54 2352 -74.40 (2899 1384 3213 2552 54320 [6176 8880 9839 61.2 5.2 201 35.2 0.5906 0648 0600 108 0571
2 |48.19 -21.77 5379 2387 -71.00 [29.01 1388 32.16 2556 56950 [6405 8837 G796 644 58.1 202 356 0.5899 0638 0598 107t 05866
3 |49.29 -21.67 53.84 2373 -76.80 [28.79 13.84 31.95 2567 63550 [7123 8788 9752 723 65.2 205 355 0.5842 0.639 0593 1.082 0577
120 1 5417 -2279 58.77 2281 -87.30 ({3299 16.02 3667 2589 51150 {5988 10105 11233 506 455 212 388 0.6091 0.703 0624 1135 054
2 |54.17 -2299 5884 2299 -49.60 {33.08 1392 3589 2282 56780 {617.4 10077 10933 563 519 211 369 0.6107 0.606 0610 0992 0571
3 [54.38 -2169 5854 2175 -54.90 [33.68 14.42 3664 23.17 64320 |708.1 10282 111B4 626 57.5 2.7 361 0.6195 0.665 0626 1066 0573
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Appendix C

C.4 Varying angle tests

In _Oow ) <-rolling spin > % ofVx %ofVi  (abs) J

Angref BallZ| Vx_Vy Vi angle Topspin | Vx Vy VI__angle Topspin [ASpin fiom Vx from Vi roll spin roll spin _dela Vx_deltaVy horiz COR _+ve Vyin vert COR _ abs COR  6o'in l AVxAVy
anglel 1 2037 -2604 3306 519 -4370 [1022 1881 21.41 B1.49 29260 | 3363 3130 B655.7 935 445 102 448 0.5015 2604 0723 0648 1184 0226

2 20.81 -2651 3370 518 -13.30 {983 1910 21.48 6277 296.00 | 3093 2993 B654.2 %89 452 1.0 456 0.4722 26.51 0721 08637 1210 0241

3 2075 -2682 33.92 5227 180 [1059 1906 2180 6093 28990 | 2917 3234 B65.6 89.7 436 10.2 459 05104 2%6.82 0711 0643 1.166 0.221
angle? 1 2459 -23.14 3376 4327 7460 [1208 17.55 21.30 5544 386.60 | 461.2 3701 8525 104.5 59.3 125 407 0.4915 23.14 0.758 0.631 1.281 0307

2 2472 -2360 3417 4367 3990 (1248 1769 2165 5480 37800 | 4179 3802 B659.6 994 573 122 413 0.5050 2360 0.750 0634 1.265 0.296

3 2406 -2335 3353 4415 -43.10 {1220 1683 20.78 5405 41650 | 4596 3725 634 5 111.8 65.6 119 402 0.5072 2335 0.720 0620 1.224 0.295
angle3 1 2663 -1967 3311 3644 5630 |1354 1496 20.17 4786 45890 | 5152 4145 617.8 10.7 743 131 346 0.5082 19.67 0.761 0608 1.313 0.378

2 2695 -1981 3345 3630 -29.10 [13.41 1528 2033 4873 47630 | 5054 4085 619.4 116.6 769 136 31 0.4974 19.61 0.772 0.608 1.342 0.386

3 26.43 -19.49-32.84 36.40 890 (1368 1452 19.95 4670 45580 [ 4687 4176 608.9 110.1 755 128 340 0.5176 19.49 0.745 0.607 1.283 0.375
angled4 1 2316 -17.27 3389 3065 -310 {1509 1365 20.35 4213 55290 | 55 462.2 623.2 119.6 88.7 14.1 309 05176 17.27 0.790 0600 1.375 0.455

2 2879 -17.23 3355 3083 -4890 |1531 1260 19.83 3947 54000 | 5889 466.2 603.9 1158 89.4 135 28 05315 17.23 0.732 0591 1278 0452

3 28.18 -16.57 3269 3045 -4800 [1503 1246 1953 3966 56940 | 6174 4589 59% .1 1241 955 132 290 05334 16.57 0.752 0597 1.302 0453
angles 1 2947 1468 3292 2648 -2510 {1582 1208 1990 3735 58790 | 613 4847 609.6 1213 9%.4 136 %8 05370 14.68 0823 0605 1.411 0510

2 3023 -14.78 3365 26.06 -2440 1598 1161 1975 3598 61750 [ 6419 4068 601.6 126.8 1026 14.2 %4 0.5287 14.78 0.785 0587 1.381 0.540

3 30.18 -1491 3366 26.28 -3540 1595 11.58°19.71 3597 596.10 | 631.5 4870 601.7 122.4 99.1 14.2 25 0.5286 14.91 0.777 0.586 1.369 0537
angle6 1 3165 -1437 3476 2441 -13310 [1820 1045 2099 2085 51820 (6513 5575 642.8 929 806 134 248 0.5752 1437 0727 0.604 1223 0542

2 |31.74 -14.02 3469 2383 -102.40 [18.88 10.18 21.44 2833 49950 | 6013 5749 653.2 859 76.5 12.9 242 0.5948 14.02 072% 0618 1189 0532

3 31.08 -13.03 3372 2282 -106.70 [1785 1031 2061 3002 50270 | 6094 5448 629.2 923 799 13.2 23.4 0.5742 13.08 0.788 0611 1.315 0.566
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Appendix C

C.5 Changing balls — medium surface, pressurised and punctured balls

Note: P denotes pressurised, N denotes punctured.

suf baltype spin| Vin  Vyin Vin Wn Bn | Viow Vyor VYout  “ow Gu | COR CORams & SPR % roll  Bouw /G
medum P 3| 2704 -1425 3136 6037 5702|1661 953 1915 1068 29 85| 067 061 048 524 212 1.10
medun P 32915 -1454 3258 -7596 %51 1571 948 1835 1430 31 10| 065 05 0.56 44 1 313 1.17
medum P 3| 2967 -1441 3293 5885 2589|1558 10.11 1857 1314 32961 070 05 0.57 425 278 1.27
medium P 2 | 3080 -1533 3414 5573 2669{ 1724 945 1966 1607 2874|062 058 053 465 308 1.08
‘medum P 2| 3018 -1455 3351 -5683 257411653 955 1909 1774 3001 06 057 057 434 354 1.17
megium P 2| 302 -1479 3368 -5994 2605|1686 934 1928 1526 2899 | 063 057 056 445 299 1.1
medum P 1 | 2958 1309 3235 -4028 2386( 1885 921 2098 2242 2605|070 065 0.48 519 332 1.08
medun P 4 12934 1282 3202 -3%16 23 60| 1302 879 2095 2109 2480 069 085 g4 522 3.6 1.05
mediun P 112932 1257 3190 -3786 2320} 1784 929 2012 1833 2750] 074 0863 053 475 339 1.19
medum P o | 2816 -1251 308t -181 2366|1771 99 203 363 2839 080 066 0.46 535 720 1.23
medum P o | 2758 -1211 3012 367 2371)1667 963 19 2% 391 3000]079 064 050 498 78.4 127
mediun P 0| 2725 -1215 2084 -344 2403} 1673 974 1935 3873 3021|080 065 0.48 519 76.4 126
medum P 1 | 2815 -1228 3071 3497 2356 1783 1026 2057 5904 2991 | 084 0.67 0.46 542 1093 1.27
medum P 112800 1278 3078 2666 2454 1783 982 2036 6303 2885|077 0866 0.45 550 1259 1.18
medum P 1 | 2755 -1257 3028 2619 24521739 99% 2004 5688 29 781 079 066 0.45 549 107.9 1.21
medum P 2 | 3036 -1309 3306 4449 2332|229 962 2489 6943 274|074 075 033 674 998 0.98
medum P 2 | 3003 -1252 3254 5483 2283 21.15 1053 2363 6711 26.46| 084 073 038 . 615 104.7 1.17
medum P 2 13075 1301 3339 5157 2293{ 2258 1025 2480 6906 24.42|1 079 074 0.3 64.9 100.9 1.06
medum P 3 | 3055 1362 3345 5379 2403 2384 964 2571 6866 2.01 071 077 028 711 95.1 092
medum P 3 | 3141 1299 3393 7227 2246 287 992 2493 7493 23.45]| 076 0.73 037 62.7 108.1 1.04
medum P 3 3119 -1311 3383 5410 2280 2314 987 2615 7068 23.10) 075 0.74 0.35 650 100.8 1.0
medium N 3| 2880 -1483 3239 5472 2726 1690 8.15 1876 1898 2573 | 055 058 0.52 482 371 0.94
medium N 3 | 2927 -14B4 3273 5185 2657|1687 6.4 1873 1937 2576 056 057 0.54 456 379 0.97
medium N 312985 -1482 3333 -5416 2640 1663 7.92 18.42 1727 2547|053 05 0.58 418 343 0.96
medium N 2| 2881 -1484 3241 5236 27.25{ 1663 806 18.53 2000 25.78| 054 057 0.53 470 35 0.9
medium N 22972 1509 3333 5494 69 1674 874 1888 2455 2756| 058 057 0.55 455 484 1.02
medium N 2| 2961 -1476 3308 -5502 26.49 1678 830 18.72 237.7 2632|056 057 056 444 46.7 0.99
medium N 1 | 2763 -1329 3066 -3045 2569 1766 800 1939 2640 2436 060 0. 63 0.47 532 49 3 0.9
medium N 1 12895 -1342 3192 -2839 2487[17.77 773 1938 2264 2351|058 081 053 471 420 095
medium N 4 | 2857 1340 3158 -2760 2513 1781 865 1980 2911 2583| 065 083 043 512 539 1.03
medium N 0 | 2885 -1293 3162 -419 2415 1830 B51 2018 4578 2494| 0 66 054 0.49 508 826 1.03
medum N 0 | 2826 1197 3083 580 2295 17.47 B56 19.45 4475 2610| 072 063 0.53 47 4 845 1.14
mediun N 0 | 2861 -1291 3139 -407 2429 1770 901 1986 3277 2697|070 083 0.50 80.2 61.1 1
medium N 1 | 2049 1268 3211 2500 23.27|19.14 815 2081 4703 2307 064 D065 0.50 50.3 81.1 0.99
mediun N 1 12849 1241 3200 3131 22.82|19.18 855 2100 4978 2403|063 066 0.49 508 857 1.06
mediun N 1 12047 1265 3207 2893 23.23|18.42 853 2030 4563 2484| 067 083 052 478 818 1.07
medium N 2 | 2846 -1273 3210 3213 23.36(2093 781 .27 5338 1998) 060 063 0.42 581 84.1 0.86
medium N 2 13010 1271 3267 3977 2289|2 59 710 272 5593 1820| 05 070 0.43 570 855 080
medum N 2 12897 -1320 3183 3543 2450|2060 802 211 5457 2128|061 069 0.39 006 87.4 087
medium N 3 | 3068 -1266 3319 4733 2243|2125 787 266 6266 2033|062 063 046 581 97.3 09

medum N 3 | 3037 1375 3334 4165 2436]21.40 794 0283 4650 2036|058 068 0.41 586 i 084
medgium N 3 2027 1316 3208 3549 2421|2154 803 2301 4866 2059 062 072 03 637 745 08
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C.6 Changing balls — medium surface, pressurised and punctured balls

Note: L denotes pressureless

Appendix C

surf baltype spin] Vyn Wy Vin Wn & | Viow Vyou Vout  @ua  &u | COR CORas M SPR % roll  Gou / B0

medium L -3 13039 -1483 3381 -716.4 26.02) 1544 951 1814 2283 3161 | 064 054 061 3B6 258 122
medium L 33133 1633 3538 5161 27.48[/155 961 1829 1869 3171 058 052 g .61 T390 39 7 115
medium L 3 (3083 -1452 3413 K755 2617|1559 911 1805 1986 3032 063 053 065 353 490 120
medium L 212936 -1578 3333 5841 28251709 952 195 2392 2913 060 059 043 515 462 103
medium L 23115 1559 3484 5376 2659] 1653 967 1915 2640 3033 062 055 © 058 421 527 114
medium L 2 13004 -1570 3389 -6240 2759|1583 936 1840 2628 3060) 060 054 057 433 548 111
medium L 113022 -1321 3298 -34t.1 2362{18.12 8. 55 2004 3230 2626|085 061 0.56 444 58.8 107
medium L 1 {2964 -1305 3239 -3331 2377|1727 880 1938 2813 2700} 067 060 0.57 434 538 114
medum L -1 {2998 -1287 3262 -362.1 23.3|18.06 98 221 7743 %69| 071 0B gs4 457 5041 115
medum L 0 (2768 -1217 3023 -248 2373|1650 902 1880 4346 2866| 074 062 053 472 869 121
medum L 0 |27.74 1218 3030 -123 2371/17.40 858 1940 3955 2624|070 064 050 502 750 111
medium L 0 [2747 -11.99 2970 15 2381|1703 895 1924 4051 27711075 065 (48 516 785 116
medium L 112880 -1372 3190 3951 2548(1879 911 2089 5511 2585 066 065 0.4 '55 2 96.8 102
medium L 1 13010 -1329 3291 3659 23821951 938 2165 5561 2589|071 066 0.47 533 941 108
medium L 1 (2824 -1265 3094 4546 2413[/1908 955 2133 5245 2660) 076 069 0.41 587 907 110
medium L 2 | 279 -1401 3127 5752 26622250 944 2440 6575 2277|067 078 023 767 g4 085
medium L 2 | 3049 -1388 3350 5803 2447(2281 866 2440 6035 20 78 062 073 0.34 5.9 87 3 0.85
medium L 2 [ 3211 1482 3528 6250 2448|2370 994 2570 6721 2275|068 073 0.34 ‘65 8 936 0. 93
medium L 3 1308 -1273 3337 4684 2243|2337 836 2517 7497 2182073 075  g34 61 1059 097
medium L 3 13021 1483 3366 5928 2615)2402 886 2561 6600 2026] 060 O07g 0.26 739 90.7 0.77
medium L 3 12966 -1454 3303 4557 2611)2474 946 2643 6299 2093|065 080 gog 795 84 0 0.80
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Oblique impact data

Appendix C

C.7 Changing surface - fast and slow surfaces with pressurised balls

SPR

surf balitype spin| Vi  Vyin Vin @n 60 | Ve Vyou VOut  Gou 8 | COR CORas 2 %roll o/ 8n
P 3297 1617 3270 6349 2763|1987 904 2183 -2B1 2446| 060 067 038 624 47 0.89
st P 3 |3151 1496 3488 6338 2540|2305 951 2434 1185 243|064 071 035 64 170 0.88
et P 3 |3105 -1450 3427 6874 2504|2278 879 2441 1958 2111|061 071 036 645 -84 084
et P 2 |3034 1427 3353 5216 2518|2327 943 251 7.2 »oe|0es 075 030 700 251 088
st P 2 |3112 1414 3418 5959 24442174 810 220 20 042|057 068 042 578 41 084
st P 2|2028 41387 3240 5885 2535|2117 892 297 836 "»es| 064 071 03% 644  -108 0.90
P 1 |2812 1308 3101 3550 2495(2157 901 2338 &7 »66| 069 075 03 703 10 0.91
st P 1 |2818 1400 3146 380 2642|225 944 24456 B34 271|067 078 024 760 93~ 08
st P 42778 1302 3068 384 2510[215 955 2412 312 BR[073 079 025 750 46 093
@t P 0 |2605 1303 2013 339 26572198 940 2391 2123 B15|072 082 01 89 319 0.87
@t P 02722 4320 3026 592 2587|2192 974 2B 2107 2397|074 079 023 769 317 093
st P 0 |2684 1280 2973 03 2550|2164 955 2386 2078 381{075 080 023 768 317 093
et P 1 |2758 1261 3033 3174 2456|2216 981 2423 306 7388|078 080 024 758 582 097
st P 1 |2651 -1304 2954 3483 2619|2228 9.83 243 3746 2380( 075 082 018 815 555 0.91
fast P 1 |2662 -138 3001 4242 2751|2187 1021 2414 3542 503|074 080 020 803 534 091
fast P 2 |2797 -1429 3141 4686 2706|235 399 2559 %18 2298|070 081 018 818 787 085
et P 2 | 2828 1304 3114 4756 2475|2280 899 2451 6656 2151|069 079 025 751 997 087
fast P 2 |2888 -1360 3192 4701 2522|2500 945 %672 595 2070 069 084 017 832 778 082
et P 3 |203 -1422 3262 5934 2584/ 2399 917 2568 593 093 065 079 023 770  B24 0.81
st P 3 |2070 1392 3280 5612 25112448 1035 2658 6454 291 074 081 021 785 870 0.91
st P 312918 -1380 3228 5188 25.31/2378 10.20 2687 6710 2321|074 080 028 775 931 0.92
dow P 3 | 2069 -143% 3207 6526 2581|1514 868 1745 1250 2984/ 080 053 063 369 272 116
dow P 3|3005 -1472 3346 6308 2609|1585 894 1820 1109 2942} 06 054 060 400 231 113
dow P 3 |2877 1487 238 7312 7.3 1487 919 17.48 1951 3173|062 054 05 422 433 116
dow P 212017 -1331 3206 6113 2453|1594 879 1820 1562 2867|066 057 060 401 323 1.18
dow P 2 |2005 -1476 3333 5970 2624|1494 913 1754 264 3160 062 053 063 373 50 120
dow P 2 |2098 -1452 331 5779 2584[1441 900 1699 2804 31.98 | 062 051 066 338 642 124
dow P 1 |2761 -1268 3039 -3725 2467|1405 920 1680 2617 33224073 055 062 380 591 @ 135
dow P -1]2843 1315 3133 -3069 2482|1445 920 1713 2306 3250|070 05 063 375 527 1.31
sdow P -1|2745 1327 3049 -381.1 2580} 1365 350 1663 3053 3484(072 055 061 394 738 135
dow P 0 |2701 1297 2097 364 2564[1403 10.11 1729 4641 3576 078 058 05 437 1091 | 139
dow P D | 2637 -1285 2033 225 2599|1325 989 1654 4215 3674|077 056 058 423 1050 1.41
dow P 1 |2735 1280 3019 3044 2509|1734 1037 2021 5038 3087|081 067 043 568 958 123
dow P 1 |2656 1299 2957 2905 26.06|1683 1050 1983 5794 319|081 067 041 585 1136 123
dow P 1 |2798 1309 3090 2726 2506|1714 1030 2000 5439 3100|079 085 046 536 1047 1.24
dow P 2 | 2822 1406 3154 4745 %46{2092 988 2313 642 25291070 073 03 634 1016 09
dow P 2 |2838 1313 3123 4875 248|202 991 25 657 2609|075 072 035 648 1021 105
dow P 2 |2771 1306 3064 4772 2522|2045 926 2245 662 2436|071 073 033 675 1010 097
dow P 3 |2855 1373 3168 6010 2569|2203 1029 2431 63386 2503 075 077 027 729 957 097
dow P 3 |2809 -1387 3133 4936 2628|2160 975 2370 5989 2430|070 076 0% 725 915 092
wow P 3 |2868 -1486 3230 7862 2739|2174 995 2391 7160 2460|067 074 08 720 1087 090
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