
Chapter 3 • Impacts of golf balls on turf

3.1 Introduction

This chapter describes primarily the resuhs and analysis of the photographs of ball/turf
impacts produced with the apparatus described in the previous chapter . Photographs of
golf ball impacts were taken on greens around the country. Sixteen sets of data resulted
which contained 721 useful photographs of impacts. Statistical analysis was carried out
on the impact data and explanations are offered for the results that were found. The tests
were carried out for two reasons, (I) to evaluate the apparatus and test methods and (2) 10

find the important factors in ball turf/impacts. The evaluation of the apparatus is
discussed later in Chapter 6 while the ball turf impacts are considered in the later sections
of this chapter. Prior to the analysis of the balUturf impacts, the effect of the construction
of the ball on the impacts with the green is considered. Preliminary golf ball impacts
studied using a high speed cine-camera are also described.

TWO-PIECE WOUND
(NOT TO SCALE)

FIGURE 3.1. A diagram showing the construction of a wound and a two-piece golf
ball. Both types of ball are covered in a hard plastic cover made from surlyn. The two-
piece ball contains solid rubber while the wound ball contains a central fluid filled sac
surrounded by tightly stretched elastic windings.

3.2 Tests to compare two constructions of golf ball

(i) The tests
Using the methods described in Chapter 2, two different types of golf ball were
projected at a single golf green to determine the influence, if any, of the construction
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TWO·PIECE
(PINNACLE)

FIGURE 3.2. The means and standard deviations of the velocities. angles and spins
used in projecting the Pinnacle and TiLleist golf balls in rests to find the influence of
ball construction on the impact with the turf.

of the ball on the impact. It might be expected that the construction of the ball would
playa large pan in this impact. On hard surfaces such as a golf club face, differeni

constructions of ball bounce differently. It is not known, however, if the construction
of the ball has the same effect on baJllturf impacts, If the construction has an
important Tole in the impact then it must be incorporated into the model discussed in
Chapter 5. If it is less important then it will simplify the modelling process
dramatically.
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Two types of golf ball were used in the tests described here: the Titleist 384 90 Tour
wound ball and the Pinnacle 384 two-piece ball. These are shown schematically in
Figure 3.1. Both types of ball conform to the standards laid down by the Royal and
Ancient Golf Club of Saint Andrews, weighing a minimum of 45.93g and having a

maximum diameter of 42.67mm. The two-piece golf ball has a solid rubber core
covered by a shell of surlyn plastic. The wound ball also has this hard outer cover but
has an inner core containing a fluid-fitted sac surrounded by highly stretched elastic
windings. The inner core contains fluid to ensure that the ball is above the minimum
weight required.

Thirty one impacts were recorded with the wocnd ball while thirty two impacts were
recorded using the two-piece ball. Information on the impacts was extracted from the
photographs using the methods described in section 2.5 and arc given in Appendix D.
Figure 3.2 shows 3 comparison of the average initial velocities, angles and spins for
the two types of ball. The golf balls were projected at the green at approximately 450

Cothe horizontal with speeds of about 16.8,22.0 and 27.5ms·1• The values shown
are the averages for the set of data. For instance, the velocity of 22.0±0.8ms·1 for the
wound ball is the average of II impacts at this velocity (Appendix: E).

The spin was varied at each in discrete steps at each velocity- it should be noted here
that backspin is chosen to be negative and topspin positive. It W3S possible to attain

higher spins at higher velocities since the range of possible wheel speeds on th~ ball
firing device was greater. A comparison of the initial velocities and spins shows that
the spins speeds and velocities are essentially (he same for each ball. It was
concluded therefore that the results of the tests could be used to determine the effect of
the construction of the ball on the ball/turf impact.

(ii) Results or the tests
The main body of results of the impacts are shown in Appendix. D. Table 3.1,
however, shows the results from four typical impacts at the highest velocity studied.
two using the wound ball and two using the two-piece ball.

The first two impacts in the table have zero spin while the second two impacts have a
backspin of about 640rads·1 (backspin is negative). In both cases the wound ball

rebounded at a higher angle than the two-piece ball. The spin and the velocity of the
ball after impact showed no particular relationship, however. With both types of ball,
an increase in the backspin caused an increase in the rebound angle and a decrease in
the ·•.clccity of rebound. The ~op~f'in of the ball also decreased after impact. At this

stage, it is the effect of the construction of the ball on the impact that is being
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considered. Analysis of the effects of a change in velocity, angle and spin shall be
considered in the next section.

It is difficult to determine whether the variations in the impacts above are due to the
construction of the hall, inconsistencies in the green or variations in the incident
velocity. angle and spin. Regressions were therefore carried out on the results for the
two different balls to determine the relationships between the rebound velocity, angle
and spin and the incident velocity and spin.

VELOCITY (ms·l) ANGLE(") SPIN rads-t) DEm.
initial mal mu:ia] 10 uuti31. ina (mm)

P 7. .1 380. 3.6

P .1 4 r. I
V jU. •• I

TABLE 3.1. A table to show the results of typical impacts using two types of golf
ball. The letters at the beginning of each row refer 10 two-piece (2P) or wound (W)
golf balls.

Stepwise regressions were used to calculate the relationships between the incident
velocity and spin and the velocity. angle and spin after impact This method calculates
the best-fir relationship between the data for one dependent variable with two or more
independent variables. Each independent variable is tested individually and then
introduced into the equation in order of significance. Once the variable is entered into
the equation. it is tested again and removed if it is no! significant (see Snedccor and
Cochran, 1974 for a fuller description of this method). The regressions are written in

the form.
y ~ a + (bl'J:: o: I) XI + (bz ± a'1)X2 + (b3 ± CT3)Xl + (bn ± CTn)Xn

where the b's are the coefficients for each independent variable, (he <T'S are the

corresponding standard errors and n is the number of variables. A correlation
coefficient (r) and a level of significance (p) are also given with the regression
equation. These show how well the relationship describes the data and the probability
that this relationship occurred by chance.

The regression equations found for the impacts with the two balls are shown in
equations 3.1 (a), (b). and (c). In these equations V is the initial velocity, cc is the
initial spin, a is the angle of incidence to the horizontal and the subscripts "i" and "f"

denote the initial and final values of the variables respectively. The regressions found

were,
(a) For the fu",a1velocity.
Two-piece ball: V,, 2.79 + (0.20 ± 0.03)V, + (0.0045 ± O.OO(6)"'i ,.0.86
Wound ball: V,, 2.12 + (0.23 ± 0.03)V, + (0.0041 ± 0.00(6)"'1 ,.0.87
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(b) For the final angle.
Two-piece ball: a,: 28.42 + (0.9 ± 0,3)Vi' (0,035 ± O.OO4)"'i
wound ball: a, = 30,60 + (0.8 ± 0.2)Vi· (0.035 ± 0.006)"'1

r = 0,82
r =.0.90

(c) For the final spin,
Two-piece ball: ""t -=:. 100.1 + (9.3 ± 1.8)Vj + (0.26 ± 0.03)GrJj
wound ball: cc = 162.7 + (5.7 ± 1.2)V, + (0.19 ± 0.03)"'1

r = 0.83
r"" 0.81

eqn,3,1
The equations were all significant at the 0.01% confidence level. This means that,
using this data, there is a probability of I in 10,000 that the relationship occurred by

chance,

Consider, for instance, a wound and a two-piece ball impacting at 22ms·1 and with
zero spin, The equations above predict within one standard error that the two-piece
ball would rebound between 6,5 and 7.9ms·I, at an angle between 41.6 and 54.8° and
with a spin between 265 and 344rads·1. The wound ball is predicted (0 rebound
between 6.5 and 7.8ms·I, at an angle between 43,8 and 52.6° and with a spin between

262 and 3~5rads·l, The ranges for the two balls are very similar and it is difficult 10
say whether the construction of the ball effects the impacts or not. It is therefore
necessary to lest the coefficients of velocity and spin to find if they are significantly
different within their standard errors. If the coefficients are different this would
indicate that the construction of the ball has an effect on the impact. The coefficients
were tested as follows. If the standard errors of two coefficients bl and b2 were (T I
and (T'Z respectively, then the variable d can be calculated using the formula.

eqn. 3.2

The magnitude of d determines. the level of significance of the difference between the
two coefficients bl and tn.. This can be found using Table 3.2. The coefficients In
equations 3.1 (a) and (b) were not found to be significantly different. Since there
appeared to be more variation in the coefficients in equation 3, I (c), the tests to
determine the significance of their differences are shown below. For the coefficient of

the initial velocity.
d= 9,3· 5.7 :~ = 1664

.,1'(1.8' ,1.2') .,1'4,68 '

and. for the coefficient of the initial spin.
d= 0.26 - 0,19 ,....QJ!Z....1650

.,1'(0,03' + 0.032) .,1'0.018 .
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Comparing these values to those in Table 3.2 it can be seen that the coefficients are
different at the 10% level of confidence. Tht. accepted level of confidence used is 5%
and therefore these coefficients are !!Of. considered to be significantly different.

TABLE 3.2. A table containing the values of d (the unit standard deviation) required
for a level of significance p (Bailey, 1959).

There were therefore no significant differences between the coefficients of the
regressions for the wound and two-piece balls at the velocities and spins studied.

Thus. at the velocities. angles and spins tested, the ball's construction did not affect
the impact of the ball with the green. This suggests that the ball can be considered as
a rigid solid during impact and will simplify greatly the models of impact formulated
in Chapter 5.

3.3 Studies of golf ball impacts using high speed film

(i) Introduction
The use of a high speed camera was tested during the evaluation of methods for
recording the ball/turf impact Test films were subsequently developed and these
were found to be quite: useful in revealing the dynamic processes involved in an
impact. The high speed films could give estimates of the contact time, the depth of
penetration of the ball into the ground. and me deformation of the ball. These factors
are potentially useful in the development of a model of impact.

The F::..•tax WF17 high speed camera used in these tests employed a rotating prism

mechanism and was able to take pic rures at rates up to 800cfps. At this speed. 30m
of 16mm film was exposed in 0.7 seconds. The camera was activated by a remote
switch and the speed of the film through the camera was altered by varying me voltage
applied to the camera motor. Two IkW video lamps were used to provide additional
illumination during the impact. Pegs were placed in Ihe ground in the field of view of
the camera to provide a distance scale with which to make me~surements. The camera
was placed about 5m from the point of impact and II long focal length lens used to

minimise the effects of parallax. A disc marked out in segments attached to a motor
rotating at 2S revolutions per second was placed behind the impact zone. This
provided a time base for the camera and was required to facilitate calculations of
velocity and spin,
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The ball projection device described in Chapter 2 was used to project golf balls at turf
near to a convenient power supply as it was not possible to produce the power
required with a portable generator. An analysing projector was used to view the
resultant films frame by frame. The rotation of the disc between frames indicated the
time lapsed per frame and. by marking the positions and orientations of the ball on
successive frames, the velocities, angles and spins were calculated.

(ii) Results
Four impacts with the turf were studied using the high speed camera running at

between 1201 and 3260fps (Table 3.3). The impacts studied were carried out on
different areas of turf and on different days and were carried out to evaluate the
method of high speed photography. The analysis shown here, therefore. is quite
general since it is difficult to draw specific conclusions (rum four different impacts.

Columns 1 to 6 in Table 3.3 show the velocities, angles and spins before and after
impact. The next column shows the depth of the pitchmark measured JUStafter the
impact. In column g it can be seen that the balls were in contact with the ground
between 6.1 and 9.2msecs. This is 11. to 18 limes longer than the impact of a golf
ball with a golf club. Using the change in momentum in the horizontal and vertical

directions and the time of contact, the approximate force and its direction were
calculated.

vetoen Anote Snln 0 T Film ""era t Fore: •••
rus-t . r$lds"' mm msecs speed F '" IIngl (df)

I , I r I , ,. N Nm mm
24.5 6.1 51 67 ·562 274 12 9.2 1201 144 .757 63 5.3

15.0 3.7 52 62 -34! 152 8 6.2 1617 125 .633 64 5.1

22.0 7.7 39 70 0 322 7 6.1 3260 192 .440 56 2.3
21.2 7.4 38 42 0 300 7 6.5 3087 150 .385 58 2.6

TABLE 3.3. A table showing the infonnation on four impacts studied using high
speed film. Negative spin indicates backspin.

The total average force, the average torque and the angle to the horizontal at which the

force acts are shown in columns 10, 11 and 12 in Table 3.3. Since the average force
and the average torque are linked (by "t' =Fr) it is possible to calculate the effective

radius at which the torque is applied (column 13). Figure 3.3 shows the application
of the average force dt'ring a typical impact. It can be seen that the average force acts

off-centre. The resultant torque modifies the initial spin of the ball. Table 3.3 shows
that the effective radius varies from 2.3 to S.3mm (about one tenth to one fifth of the
ball's radius) and is larger in the case when the initial backspin is high. As expected,
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the forces experienced by the ball are a combination of that due to the spin of the ball
and the interaction of the ball's translational motion with the surface.

The magnitude of the vertical force experienced by the golf ball was about J 30N,
equivalent 10 a maximum deceleration of about 2800ms·2. The nature of the impact
can be considered further if the impact is compared to the motion of a mass on a
spring. The maximum deceleration would vary with mass-TN (analysis based on

simple harmonic motion). As will be seen in Chapter 4, the maximum deceleration
found using the O.Skg Clegg indenter averaged over all the greens visited was about
57g or 563ms·2. The ratio of the mass of the golf ball to the Clegg indenter is 1 to
10.9; the maximum decelerations would therefore be expected to vary in the ratio 3.3

10 1. It can be seen that the decelerations are in fact in the T31io of about 5 to 1. This
difference is not surprising since the analogy of the single spring was not expected to
be correct: the ball would netlose energy during the impact. The motion must have a

viscous component since the coefficient of restitution is not unity. The usc of springs
and damper components to model the ball turf impact is discussed later in Chapter 5.

Turf

FIGURE 3.3. A diagram 10 show the direction of me average force in the impact ofa
golf ball on a golf green as deduced from high speed films of impacts.

An interesting feature seen on the high speed films was that the initial backspin of the

ball was modified almost instantaneously to topspin at the beginning of the impact.
Furthermore. it appeared that the ball rolled off the surface. It is possible to calculate
the spin required for the ball to roll off the surface using.

w. ~ eqn. 3.3

where V is the translational velocity and r is the radius of the ball. The first impact
shown in Table 3.3 had a rebound velocity of 6.lms·1 and with a radius of 0.02 13m,

the equivalent spin required for rolling was about 286rads·l. This is not too far from
the actual spin of the ball as it left the surface. if the same calculation is performed on
the other three: impacts it is found that the rolling spins are almost the same as the
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VELOCITV(ms·') ANGLE (deareesj SPIN (rads·') Denth

i r i t i r (mm)
17.5 4 77.
17.s 5. I U I.: . .1
I U 139.
17.5
17.1 4 ·1 .1
1
I ..
1 .1 I.

1 .1
I

.1 44 .1
·1

I. ·11 .1
I. 4 ·1
.5 4 I
.1 4.

J 1.8
4 4 4.1

.1
I .1

I. I
7. 147.4

·1 .1
.1 5 -z I. .1

I ...
.4 . 1 4 1.9

4 ·1 . I i.4 .1
< I .1

.1
.1

1 ..•
I 1.4 I ,.4

1.5 J
.1

6. .1
6.

._.
·78 .

.. 8. ·678.0 ·88.1 4.1
4.6

TABLE 3.4. A table containing the results of the impact tests at Ganrcn golf club.
The subscripts "I" and 'T' ale assigned to the variables before and after impact
respectively. the depth is the depth of the pilChmark created by the impact and blank
spaces indicate: that the variable was not measured.
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actual spins of the ball after impact. This suggests that. in these impacts. there was no
slip between the surface of the ball and the turf at the end of impact

In most of the impacts the ball appeared to penetrate up to almost half its diameter into
the turf but subsequent measurements found the pitehmarks to be at the most 12mm in

depth. This indicated that, if the ball did not compress signific:uuly during impact.
then the ground must have partially recovered after the impact had taken place. This
may be an important consideration in the modelling of the impacts in Chapter S.

3.4 Results (rom the stroboscope photographs ot golf ball impacts

(i) The velocities. angles and spins used in the impacts

This section shows the results and analysis of the results from the photographs of
ball/lurf impacts. The methods described in Chapter 2 were used to project Titleist
384 golf balls lit a single green on 16 golf courses. This resulted in 721 photographs
of impacts; 450 from II greens on which the angle of incidence was fixed at 45° to the
horizontal and 271 on 5 greens where the angle of incidence was varied. The
photographs of impacts were analysed using the methods described in section 2.5.

ANGLE (0)

~
VELOCITYT T T(mls)

BACKSPIN I 4 ± 11 I O± to _9i~49(radls) -IOO± 9 -110±7
-216± 18 -231 ± 13 -234 ± 30
-322 ± 10 -330± 9 -350±21

-446± 16 -459 ± 14
-560± 24 ·564± 20

-674 ± 30

FIGURE 3.4. The velocities and spins and their respective standard deviations used
in the golf ball impacts projected at 45° to the horizontal. Negative spin indicates
backspin.

The initial and final velocities. angles and spins of all the impacts are shown in
Appendix E since there are too many to show here. As an example. the data on the
impacts from the green studied at Ganton golf club are shown in Table 3.4. The
letters "i" and "f" indicate the initial and final values of the velocity. angle and spin.

The depth refers to tile depth of the pitcbmark created by the impact and blank spaces
in the table indicate that the measurement of the variable was not possible.
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COURSE ANGLE VELOCITY SPIN
(0) (ms-tj (rads-I)

Uelfry 35.1 ± I.Z ie.s ± U.4 ~; Z, -117, -Zlij ± 3, -3n

22.1 ± 0.5 0, -119 ± 5, -246 ± 6, -318
± 12,443±7,590±26

27.6:t: 0.9 2±3,1l9±4,232±8,376
± 13, 478 ± 17,543 ± 22,
676 ± 22

44.4 ± 0.9 17.3 ± 0.5 0, -328 ± 6
22.81 ± 0.4 -2 ± 2, -585
27.4 ± 0.5 -5, -639

c rewe 30.' ± J.j 10.' ± 1.1 U,·3U3± i.
22.3 ± 0.2 0, -334 ± 3, -567 ± 33
27.9 ± 0.7 -7 ±2

45.8 ± 1.1 18.0 ± 0.8 O±O, -343 ± 7
23.1 ±0.4 6 ± 4, -363 ± 9, -568 ± I
27.9 ± 0.3 4 ± 4, -356 ± 4, -648 ± i6

54.8 ± 1.3 17.4 ± 0.8 o ±O, -323± 5
22.7 ± 0.3 6 ± 2, -345, -574 ± 7
27.4 ± 0.3 -3 ± 3. ·384 ± 3, -641 ± 19

11111 alley 35.U ± U.5 ~~:O~K~ ~~~:~{il±3, -545 ± 3
26.3 ±O.6 35.3 ± 20, -335, ·631

45.9 ± 1.6 17.5 ± 0.2 -1 ± 1,-344
22.7 ± 0.4 0, -344, -548
21.1 ±O.I -344

Newcastle ., .• ± .3 1'.1 ± U.' U±U,-341±15
23.6 ± 0.5 O± 0, -530
29.1 ± 0.8 o ±O, ·347

54.2 ± 0.6 18.0 ± 0.7 5 ± 3, -108± 7, -227± 4,
-320± 6

22.5 ± 0.5 5:t 3, ·111 ± 7, -222 ± 14,
330 ± 2, -459 ± 5, ·572 ± 4

27.5 ± 0.4 o ± 7, -95 ± 4, -238 ± 2,
-352

Sutton Park 39.Z ± U.7 17.Z ± 0.2 5.± .U,.·I53 ± J, -218 ± 6,
-317 ± II

21.6 :1:0.4 5, ·110 ± 4, -230 ± 7, -337,
-444± 22, -551 ± 3

27.1 ± 0.3 O± 6, -85 ± 2, -239 ± 3,
-368 ± 2, -476 ± 8, -573

± 15, ·660 ± 10
50.2 ± 0.5 16.4 ± 0.5 14 ± 12, -306± 21

22.0 ± 0.2 -2 ± 7, ·550± 4
26.8 ± 0.6 O± 5, ·543 ± 7

TABLE 3.5. A table containing tile velocities. angles and spins of balls projected at
the turf on five greens. The errors assigned to the values are the standard deviations.
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The velccuies and spins for the impacts at 45° are shown in Figure 3.4. Three
velocities were studied, approximately 17,22 and 27ms·1. At zero spin, both wheels
on the projection device were set at the same velocity. As staled in section 1.4. the
speed of the bottom wheel was then decreased by 2.2ms·t and the top wheel increased
by the same amount, In this manner the spin of the ball was gradually increased while

keeping the velocity of projection fixed.

The errors shown in Figure 3.4 are the standard deviations of the means, The
velocities, angles and spins used on the S greens where the angle was varied are
shown in Table 3.5. Angles of incidence of 3S and 45° were used at two greens, 45

and 55° were used at one green. 40 and 50° were used at one green and 35. 45 and 55°
were used at one green. The angles of impact used on the green at Sutton Park were
meant to be 45 and 55° but were 5° lower due to an error in the positioning of the
apparatus, Velocities of approximately 1" 22 and 27ms·1 were studied at all these
angles and the spin 1.'!3S varied in the same way as before. On some greens, however.
spins in the mid-range were omitted so that a greater variety of angles could be studied

in the time available.

It can be seen in Figure 3.4 and Table 3.5 that the spins attained by the golf balls
reached limits at each velocity studied. This was because the tower wheel reached its
minimum velocity. Increasing the velocity of the top wheel to increase the spin would
also have increased the velocity of the ball.

The spins and angles used encompass those of balls arriving at greens hit with a
driver and a S-iroR. These shots therefore, may be considered when analysing the

results of the impacts.

Oi) Results: the influence of the initial velocity, angle and spin on the
velocity, angle and spin of the ball after impact
If the results in Table 3.4 are considered, relationships between the variables can be
observed. For instance. if the velocity of impact is increased then, in general. the
velocity of rebound is also increased. However. superimposed on top of this
relationship is the effect of the backspin OR the impact (in Table 3.4 the angle of
impact is kepi fixed). However, due to irregularities in the green ( and perhaps in. the
ball) some impacts do not fit exactly a given relationship. Therefore. the most suitable

method of expressing the effects of velocity, angle and spin on the impact is in
multiple regression form. These are used to determine the "best-fit" relationship.

Regressions were used in section 3.2 to determine the effect of the construction of the

ball on the impact
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TABLE 3.6. The regression coefficients for the equations relating the ..•.elociry of the
rebounding ball with the initial velocity and spin. Blank spaces indicate that the ..•.ariable
was not significant in the regression.

The regressions in this section relate one dependent v ariable with three independent

variables (the incident velocity, angle and spin). The coefficients of the regressions
for the velocity. angle and spin after impact for each green are shown in Tables 3.6,
3.7 and 3.8. The names of the columns indicate the following>

rnr . l.hc intercept of the equation,
Cv, dey· the coefficient and respective standard error of the velocity
component,
Ca. dee· the coefficient and respective standard error of the angle component,

Cec , dC{o,) - the coefficient and respective standard error of the spin
component,
r . the correlation coefficient,
p • the significance level of the regression.

A blank space in the table indicates that the variable was not significant in the
regression for that green.

For example. the regressions found for Crewe were,
V,: 11.98 + O.IOVi ·0.166;+ 0.0034w; eqn.3.4
6,- ·30.3 +0.98VI+ 1.216i ·0.027wl eqn.3.5

and w, _ 584.8 + 2.9V,- 7.76i + 0.2w; eqn.3.6

The standard errors for each coefficient, correlation coefficients and levels of
significance can be also be found in Tables 3.6. 3.7 and 3.8. The meaning of the

regressions above become clearer if a specific example is considered. A ball
impacting on the green at Crewe at a velocity of 22ms·1 at an angle of 450 to the
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Am!le aner im act

Course Int Cv dCv C" Idc C dC r
Austertleld I.l 10.
Uel 4. I. I I
Bm!!.ley I u.e : U. .,XI:.I A, I

rewe 1.0 ' o.
~'

I
onnbv i 0.3 10.1 F A I I
anton 7. A I

Hallowes
Hdl Vallcy -so.t I. I. I

Cl hfev 11. 1.7 Fl D 5. I
indrick .0 1.1 1 1

M. Allerton ·1 i.e 3.1 I I
Moor ,I I .1 I. I
tconown 17. I. I 1

Newcastle ·41.Y I. I. .1 1 I
andmoor 3b. lb . F A I

• utton Park I. .\ I \

TABLE 3.7. The regression coefficients for the equations relating the angle of the
rebound to the initial velocity and spin. Blank spaces indicate that the variable was not
significant in the regression.

Snin after im act

Course Int Cv dCv C dC C dC r
Au, re 1 I. .1 0.1 101

e I. .\ 1
m \ 1 I
rewe •onn 1

~
~anton 4;

allowes I. A
II Valley i.e

~.
eieblev 5 . .zs
indnc A , .\0

M. Allerton 17.5 A .1 \
, oar Hall :7Y.1 .LL
I conown

eWC3n e 74:'.3 ·Y.. I. 1.10 0.' .YO U.ooUi
andmcor I 0.9 'IXE[ ANGLE .IY 0.' .IY 1.0001
utton ar 0.1 .Y4 0.0001

TABLE 3.8. The regression coefficients for the equations relating the spin after impact
wiih the initial velocity and spin. Negative spin indicates backspin and blank spaces
indicate: that the variable was not significant in the regression.

borizomal and with zero spin is predicted 10 rebound with a velocity between 6.4 and
7.6ms·l.at an angle between 39 and 52° and with a spin between 272 and 332rads·l.

It should be remembered that backspin is negative spin. These predictions cre within
one standard error.
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In general, the form of the regressions in equations 3.4, 3.5 and 3.6 were found for
all the greens studied. The general meaning of these regressions are outlined below.
An increase in the incident velocity caused the ball to.

(I) rebound faster

(2) rebound at a steeper angle and
(3) rebound with more topspin.

An increase in the angle of incidence caused the ball (0,

(I) rebound slower
(2) rebound at a steeper angle and

(3) rebound with less topspin.
An increase in the backspin of the incident ball caused the ball to,

(1) rebound slower
(2) rebound at a steeper angle and
(3) rebound with less topspin.

Tf the initial backspin is high enough then backspin would be expected to be retained

after impact, It would be very useful to know if impacts in which the ball retains
backspin behave in the same way as impacts in which the ball rebounds with topspin.
The effect of backspin on the impact is discussed more fully in the following section.

-400oL._~---'---'---:'-_':-_'"
4 6 8 10

VF;I.OCITY AFTER IMPACT
(mI,)

FIGURE 3.6. A graph showing the relationship between the spin after impact and the
velocity after impact for a11721 impacts studied. The impacts nearest the line are more
likely have rolled off the surface.
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(iii) The effect of slip
The analysis of Ihe high speed films in section 3.3 showed Ihat the balls tended to roll
off the surface after impact. The relationship between the spin and the velocity after
impact for all the impacts recorded using stroboscope photography is shown in Figure
3.6. The line shows the theoretical spin required by a ball for it to roll off the surface.

calculated using equation 3.3. For example. a golf ball of radius 21.3mm rolling
along the surface at a speed of5ms-1 would have a topspin of 234.7ntds·I.

FIGURE 3.7. A scbcrnatic representation of a golf ball rolling up the front inclined
face of the pitchmark with a topspin related to its absolute velocity.

II can be seen in Figure 3.6 that many of the impacts studied lie close to the line
indicating roIling spin. It should be stressed that the velocities used (0 create this
diagram are the absolute velocities and not simply their horizontal components. The
closer the impacts lie to the line the more likely it is that the ball rolled off the surface
at the end of the impact. The surface along which the ball rolled at the end of the
impact must have been at an angle to the horizontal since the ballleft the surface at an
angle. It is likely, therefore, (hat the balls rolled up the forward inclined plane of the

pitchmark shown schematically in Figure 3.7.

Start of impact

G1.,,~
End of impact

FIGURE 3.8. A diagram representing the modification of the pitchmark during
impact. The final direction of the turf determines the direction of the ball after impact

it can be seen in Figure 3.6 that the main band of points lies parallel to the line for
rolling spin and about 50rads·t away from it. Thus. many of the balls rebounded
from the turf with a topspin jUM less than that required for rolling. One of the
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possible explanations is that most of these impacts did roll off the surface and that the
topspins were slightly less than the rolling spins because of the modification of the
shape of the pitch mark during impact. For instance, consider Figure 3.8. At the
beginning of the impact, the plane in Contact with the ball is horizontal. As the ball

penetrates further the plane alters in angle until it reaches the final angle at which the
bJII leaves. From the ball's point of view it appears that the ground has rotated
around its outer surface.

Thus, if the angle of the ground was altered by 45~ and the time of contact was about
9m~ecs (as found in section 3.3) then the equivalent apparent topspin of the ball was
about,

cc = 9x~3S = 5000~S·1 :::::9Orads·l.

which is the same order of magnlrude as the difference between the band of impacts and
the line for impacts to have rolled off the surface in Figure 3.6.

100 r
0 • .~I I' r r-100

:E;<
;a: -200 \1:"'cZ

·300<::; :;< ...•
e;~ ·400

-500
·800 ·600 -400 ·200 0 200

SPIN BEFORE IMPACT (r8dJS)

FIGURE 3.9. A graph showing the difference between the actual spin after impact
and the spin required for rolling versus the spin before impact for Ganton golf club.

All impacts involve slip to some extent. Only in some of the impacts, however, does

the ball slip throughout. It is possible for a ball 10 rebound with topspin and still to
have slipped off the surface. In this case, the lOPS pin of the ball will be lower than that
required for the ball to roll across the surface. The larger the difference between the
spin of the baJl after impact and the spin required for rolling (i.c. the further the impact
is away from the line in Figure 3.6) the more likely it is that the ball slipped throughout
impact. Figure 3.9 shows a graph of this difference against the Initial backspin for the
impacts studied at Ganron golf club (Table 3.4). At low backspins the balls leave the
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surface with spins comparable to that required for rotting, i.e. the difference between
the spin after impact and that for rolling is small. At higher backspins, the balls tended
to rebound from the turf with spins much lower than tha: required for rolling. This

indicates that slipping must have taken place. In Figure 3.9 this occurs at a value of
about ·3SOrads-l.

Graphs similar to Figure 3.9 were plotted for each green (Appendix F) and balls that
slipped throughout impact were chosen arbitrarily as points below the line y = -
lOOrads·1. The sets of results (or each green (Appendix E) were then altered so thai
they contained only impacts where the ball was considered to have rolled off the

surface. Stepwise regression were used to observe the effect of the removal of these
slipping impacts (rom the data set. The coefficients of the regressions are shown in
Appendix G. It was not possible to carry out statistical analysis on the slipping

impacts alone as 'here were so few slipping occurrences on each green.

Removing the slipping occurrences caused some variables (e.g. spin, velocity) to be
removed from the regressions described by equations 3.4, 3.5 and 3.6. In other
cases, the form of the regression stayed the same but the value of the coefficients were
changed, The individual effects of removing the "slipping" impacts from regressions
are too numerous to discuss here. Therefore, the important effects will be described
by considering the effect of slip on IwO different greens.

Figures 3.10 and 3.11 show the results of the impacts on the greens at Austcrfield
Park. and Ganton respectively. The points represent the means of the: impacts studied
with a single setting of the ball firing device. For example, the average velocity of
rebound for impacts at 17ms·' at 45° to the horizontal and with eerc spin (or Ganton
(Ihe first three rows in Table 3.4) is 6.4ms-l. The standard error was 0,3ms·'. To
increase the legibility of the graphs in Figures 3.10 and 3.11, the maximum standard
error found at each velocity is shown instead of the standard error for each point

Figure 3.10 shows, in graphical form, the results from the stepwise regressions for
Austerfield Park (similar to those in equations 3.4, 3.5 and 3.6) but with the angle of
incidence fixed at 45°. At a fixed velocity, an increase in the backspin causes the
velocity of the rebounding ball to decrease, the angle of rebound to increase and the
positive spin (0 decrease (i.e. tend more towards backspin). The graphs (or Ganton in

Figure 3.11 art similar to those for Austerfield but differ at higher backspins. There
appears to be a discontinuity in the mid spin range. It is likely that on the green at
Ganton the ball slipped cu tile surface ar higher backspins.
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FIGURE 3.10. A series of graphs showing (he effect of all increase in spln (Iii the
velocity. angle. spin after impact and the depth or the pirchmark for different initial
velocities at Austerfield Park.
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This agrees with Figure 3.9 in which it was seen that gross slip started to occur at
backspins greater than about-3SOrads-1. Thus at Ganton, the relationships similar to
those in equations 3.4.3.5 and 3.6 are not strictly valid since they are no longer linear.

Apart from the stroboscope photographs, the only other information of the impact is
the pitchmark that was created. This was measured using the green hardness tester
described Chapter 2. The effects of the velocity. angle and spin of the incoming ball

on the depth of the pitehmark were investigated using multiple regressions. The
coefficients are shown in Table 3.9.

Depth (If the pitch mark

Course Int Cy
' dcY'1 C. IdC. Cw' dc~'1 r !

Austerfield 1. );:lrI~;" ANUL I I
elfrv -1. .02 I
rewe 1
anton A 1

. III Valle o. .Wl . I
Lindrick 0.70 .0066 .0013 AXED ANGLE 4.1.10 1.4.10· .82 O~
Moor Hall -0.23 .0094 .0008 AXED ANGLE 3.4.10· 1.3.10· .90 0.0001
Newcastle 0.25 .0029 .0002 1.5.10 0.5'10- .88 0.0001
~and moor 1."" .0040 I.WI AI 1
Sutton Park -2.05 .0033 .0003 .05 .01 1.3.10· 0.4.10- .89 0.0001

TABLE 3.9. The coefficients of the stepwise regressions for the depth of the pitch mark
created during impact The depth was measured in mm.

These regressions suggested that the pitchman depth was directly related to the square
of the velocity before impact and in some cases to the initial spin squared. The square

of the velocity is a measure: of the translational energy of the ball while the spin
squared is a measure of the rotational energy of the ball. The regressions coefficients

shown in Table 3.9 agree with observations in the field: increasing the incoming
energy of the ball increased the depth of the pitchmark.

It was observed that the shape of the puchmark changed between Impacts. Figure 3.12
shows the shape of a pitcbmark created hy a golf ban with a large amount of spin. At
high backspins the grass and roots were sheared through so that the bottom of the
pitchma:k was bare. The loose material was pushed towards the front of the pitch mark
forming part of the ridge seen in figure 3.12. This material was very loose and on
some occasions was projected away from the pitehrnark by the impacting ball. These
facts suggest that the turf acts as two separate layers. the top layer consisting of grass

roots and the lower layer consisting of soil and thatch (dead plant material). This idea

is pursued further in Chapter 5.
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FIGURE 3.12. A schematic diagram of the pitchmark created by a golf ball with a
large amount of backspin.

Differences in the pitchmark depth were also observed between greens. Figures 3.10

(d) and 3.11 (d) suggest that the pitch marks were shallower at Gantcn than at
Austerfield Park, At Austerfield the depth of the pitch mark was approximately
constant at each velocity while on the green at Ganton the depth of the pitchmark
appeared to decrease at high backspins, It was observed that this decrease in depth
was accompanied by an increase in length and was probably caused by the ball
slipping across the surface, This tends to agree with earlier findings which showed
that gross slip started 10occur on the green at Ganton at these high backspins.

In can be seen in Figure 3.ll(a) that the velocity lends to increase when the ball slips
throughout impact and that the angle of rebound decreases at high incident backspins.
This may be explained by considering the variation in the shape of the pitchmark. As
just described. (he pitchmark tends 10 become long and shallow at these high
backspins. The front inclined face of the pirchmark is therefore less sleep and the ball
would lend to rebound at a lower angle, Since the horizontal motion of the ball is

opposed less. the ball rebounds at a higher velocity.

II was found that the results from the greens could be split into two categories; (1)
those that were like Austerfied Park. and mostly had impacts in which the ban rolled off
the surface. and (2) those like Canton in which the ball slipped throughout impact if
the backspin exceeded a certain threshold, The numbers of slipping and rolling
impacts on each green were determined using the graphs similar to that in Figure 3,9
(Appendix F), Table 3.10 shows numbers of impacts on each green that rolled and

(hose mat slipped. The leiters "R" and "S" indicate greens on which impacts were
likely to roll off the surface at the end of impact and on which the ball could slip off the

surface at the end of impact It the backspin wa::.high enough. On eleven of ~~ greens
most of the impacts studied rolled at the end of impact, wh!!e on five greens there was
gross slip occurred in a large number of Impacts. It should be stressed mat the ball
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must slip initially in all the impacts since the peripheral velocity of the ball is not the
same as that required for rolling.

Course Rollinp stleetne

Austerfield 61 2 R

Belfry 25 33 S

Bingley 36 I R

Crewe 37 25 S

Formby 37 3 R

Ganton 33 12 S

Hatlowes 23 0 R

Hill vanev 23 14 S

Keighlev 33 4 R

Lindrick 28 5 R

Moor Allerton 36 0 R

Moor Han 49 1 R

Moonown 41 2 R

Newcastle 48 3 R

Sandmoor 36 7 R

Sutton Park 39 24 S

TABLE 3.10. The relative numbers of rolling and slipping impacts that occurred on
each green. The letter "R" indicates that an impact is likely (0 roll throughout impact
while the letter "S" shows that there was a possibility of slip if the backspin was high
enough.

(Iv) The effect of slip on subsequent bounces
Table 3.10 shows how greens can be categorised into "rolling" and "slipping" greens.
The former is characterised by impacts which rebound at low velocities and at high
angles and predominantly with topspin. On the latter type of green the balls rebound at

higher velocities and at lower angles. For spins exceeding the "slip threshold" an
increase in backspin causes a direct decrease in positive spin after impact. for spins
beneath this threshold. the spin after impact does not vary much and depends upon the
velocity of the rebounding ball (since v=wr).

These results become more significant if we consider what is likely to happen to the

ball on the second bounce for a ball arriving on a rolling green and on a slipping green
with a backspin in excess of ·350rads·1. A ball rebounding from the rolling green

would tend to have topspin. On the second bounce, the ball would bounce onwards
since it already has if. spin equivalent to its rolling Spin. On the slipping green. the ball
would tend to bounce forwards with backspin. This would tend to check or even stop
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the ball on the second bounce due to the frictional forces at the point of impact
opposing the forward motion of the ball and trying to reduce its backspin. If the
backspm IS high enough, the retarding frictional force; may overcome the for vr ard
motion of the ball and cause it to "screw back" along the ground.

These effects are frequently seen by golfers and the ability of the ball to stop on the
green is perceived as its "holding power". What may surprise golfers is that this

perception may have different meanings on different greens. For instance. on the
rolling green. the ball comes to almost a dead stop on the first bounce and can even
rebound in tho direction from which it came. Since the ball has topspin after impact. it
rolls forwards. On the slipping green, If the backspin on Ute ball is high enough, the
ball can rebound forwards, while retaining some backspin. and "check" on the second
bounce. ln both cases the ball may end up in the same position relative to the initial
impact, but will have arrived there by different means. The golfer may consider,
therefore, that both types of green "held" the ball equally as well.

The results in Figure 3.11 also explains the frustration felt by some golfers who find
thut their shots tend to bounce forwards on the green ending up far from the flag, while
professional golfers can play the same green and cause their shot to "screw back"
every time. In Figure 3.11 (c) it was seen that, for low amounts of backspin, the ball
rebounds with positive rolling spin, Le. a spin proportional to the velocity of the ball.
Thus. a golfer applying spins in this range, will find that the ball bounces forwards
after rebounding. Once the golfer applies backspins to the ball exceeding ·35Orads-l•
however, it becomes much easier to cause the baH 10screw back. Any increase in the
backspin given to the ball produces a corresponding increase in the backspin retained
by the ball after impact. It becomes much easier for the golfer to create Impacts in

which the ball can screw back if backspins are applied above this threshold.

3.5 Summary

One of the conclusions found in this chapter that may have surprised some golfers was
that the construction of the ball had little effect on the ball/turf impact (at least for impacts
at the velocities, angle and spins tested). Many golfers find that the impact of the ball
with the green is affected when different golf balls are used and it is concluded that this is

due to the differences in the initial spin acquired by the ball on impact with (he club face.
This causes the trajectories of the balls 10be different with the result that the ball arrives at

the green with different velocities, angles and spies resulting in dissimilar rebounds. As
already stated. the result of this is that the ball can be considered as a rigid solid and will

simplify the models of impact which shall be considered later in Chapter 5.
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High speed films of the impacts showed that the time of contact of the ball with the turf
was approximately 610 9msecs and that the forces experienced by the hall were consistent
with the ball rebounding from the front forward inclined {ace of the pitehmark. It was
also seen that the impacts tended to roll off the surface at the end of the impact This fact

was also evident in many of the 721 stroboscope photographs of impacts Ihat were
studied.

The results of the regressions carried out on the velocity, angle and spin of the ball after
impact could be explained by the variation in the depth of the pitcbmark created. A

deepening of the pitchrnark involved a steepening the front plane and this caused the ball
to rebound at a high angle. II was found that some of the regressions for certain greens
were dissimilar from the rest and that these differences were due to the golf balls slipping
throughout impact Two different types of green emerged. On the first type of green, the

ball rolled off the turf and left the surface with a topspin equivalent to the ball rolling up
the inside of the pitchmark. In these impacts, the ball invariably rebounded with a low
velocity and at a large angle to the horizontal and may even have rebounded in the
direction from which it came. On the second type of green, the golf balls always
rebounded at a lower ngle, at higher velocities and in some cases retained backspin after
impact. It was found that there was a threshold for the backspin below which the baJl
rolled off the surface and above which the ball slipped off the surface. Once the spin of
the ball was above this threshold, each additional amount of spin was retained after

impact

The results of this chapter give a clear indication of the effect of a change in velocity.
angle or spin on the rebounding ball. These effects are used in the Chapter 5 in the
formulation of a I .odel of impact. One of the most important effects that has to be
modelled is the disc ondnuity between impacts which roll or slip off the surface at the slip
threshold of ·350ra,'ls-1.

It is useful to identi{y the playing characteristics of the two types of green found in this

section. A greenkeeper could then do a series of tests on the green to determine; how it
would play and the maintenance required to cause it to play in the manner requested by the

members of the club. The next Chapter assesses the relationship between the impacts and
the playing quality and distinguishes between the two types of green,
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