The physics of golf: The optimum loft of a driver
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The impact between a clubhead and a golf ball along with the resulting flight and run of the ball after
landing is considered. The clubhead loft which results in the maximum drive distance and its
dependence on the initial clubhead speed is then determinedoo©American Association of Physics
Teachers.
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[. INTRODUCTION wishes to maximize. The theoretical analysis will therefore
first consider the impact of the golf ball with the clubhead to

Connecting physics to sports is an effective way to catctfletermine the dependence of launch speed, launch angle, and
the interest of students. As an example, consider the probleRackspin on clubhead loft. Then, by using the calculated
of determining how to launch sports projectiles so as tdaunch parameters, the flight of the golf ball and its carry,
maximize the distance they travel. In the case of a constarlong with the subsequent run, will be determined. The loft
launch speed, the elementary treatment that disregards &f the clubhead which leads to maximum overall drive dis-
drag shows that a launch angle of 45° will lead to the maxi-tance will then be found.
mum range. However, the elementary treatment breaks down
if the projectile speed becomes too great, as it does in many. THEORY
sports. The magnitude of the air drag rises quickly with the )
speed of the projectile, which results not only in a reduced®. Impact with the clubhead

range but also in lowering the optimum launch angle re- 14 cqjlision between a golf club and a golf ball is a very

quired for maximum range. In addition, if the ball has sig-y;,jent event. The actual contact time is less than 0.5 ms,
nificant spin, the air flow around the ball will exert an addi- during which the ball accelerates from rest up to speeds
tional force perpendicular to the direction of travel. In thewhich can exceed 200 km/h. The forces involved are large
case .of backspin, this effect results. in a lifting force whichwith values exceeding 5 kN, and the apparently solid ball is’
both increases the range of the projectile and further lowergasormed significantly as c'an be seen in the flash photo-

the O.P“!“U”‘ launch angle. Th? effect of air drag and ”ft on raphs shown by Cochran and StoBHdowever, even this
a spinning baseball has previously been considered in thgyreme event is analyzed, as with other collisions, by the
literature=™" As an example, in the case of a typical homerun,

hit baseball with a launch speed of 50 m/s and backspin OPWS of classical mechanics.

. . One surprising result which greatly simplifies the problem
1800 rpm, the crltical launch angle is found to be lowered s that the effect of the club shaft during the collision can be
approximately 35¢.

. . ignored as the force that the shaft exerts during the collision
Previous papers have explored the flight of a launched golg o yjigible as compared to the impact force. This was dem-
ball. Erlichson considered golf ball trajectories for linear, onstrated by Cochran and Stobbs where a clubhead was
with and without lift, and quadratic air drag and determined

inged on a shaft and swung in the typical manner. The
the dependence of the range of the ball on the launch angig. tormance of the club and flash photographs showed that
for the various drag models. Bearman and Hafvegasured

: o : : the collision with the golf ball was not significantly affected
the lift and drag coefficients for both conventionally dimpled ' +his unique shaft. The clubhead will therefore be treated
and hexagonally dimpled golf balls in wind tunnel tests and

. as a free body during the impact with the ball.
used these values to determine how the range depended ony, o qer g gnalyzegthe effch):t of the loft of the clubhead on

launch speed, launch ?ngle, and the initial spin of the bally,q ¢y and drive of a golf ball, simple models of the club-
MacDonald and Hanzefyused the Bearman and Harvey C0- haaq and the golf ball with be used. The clubhead will be

efficients to determine that the optimum launch angle of 3nodeled as a thin plate of mas& and loft @ moving at a
golf baI_I driven at a constant launch speed of 61.0 m(s an@peed ofv; in the horizontal direction at the moment of
backspin of 3500 rpm, typical values for a ball hit with a impact. The golf ball will be modeled as a uniform solid

driver, is 23°. h f di d t of inertial
This paper will specifically consider the problem of Sphere ot massm, radius r, and moment of nert

launching a golf ball with a golf club and will determine the =(2)mr?. The point of impact of the collision will be taken
clubhead loft which leads to the maximum drive distanceto occur at the center of mass of the plate as shown in Fig.
This differs from the analysis of MacDonald and Hanzely in1(a) and any twisting of the clubhead during the collision
that when using a golf club to launch a golf ball, changingwill be neglected. The analysis of the collision will be done
the loft of the club will not only change the launch angle, butwith respect to axes parallel and normal to the face of the
it will also change both the launch speed and the backspin aflubhead. The components of the final velocities along these
the golf ball. Also, it is important to distinguish between the axes along with the final angular velocity of the golf ball are
distance the ball travels through the air, or what in golf parshown in Fig. 1b).

lance is referred to as the carry, and the overall drive, which The impact of a golf club with a golf ball has been previ-
includes the run of the ball after it lands. When using aously considered by Daistand Jorgensel?. Their analysis
driver, it is the total overall drive distance that a golfer considered the forces and torques acting on the golf ball
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P n ary plate have given higher values farFor example, Lie-
berman and Johnsbhgive values fore decreasing from ap-
proximately 0.76 for impact speeds of 37 m/s to values of
around 0.72 for impact speeds of 50 m/s. Applying a linear
fit to their results gives the following empirical equation for

e the dependence @& on the initial clubhead speed and loft,

e=0.86-0.0029% ; cosé, (5)

and this equation will be used in the subsequent calculations.
After contact with the clubhead, the golf ball will not only
begin to compress but will also start to slide up along the
(a) face of the clubhead. The friction between the ball and the
clubface will turn this sliding motion into a rolling motion.
p n Both Cochran and Stobbs and Cheual? found that the
initial spin of the launched ball was independent of the sur-
face of the clubface for the typical loft angles that are found
with drivers. This indicates that the ball is in a pure rolling
state when it leaves the face of the clubhead, in which case

o\~

Vofn

Ubfp~ Ucfp™ Wpil - (6)

Ve Solving Egs.(4) and (6) for v¢s, anduvy,, respectively,
\ and substituting these expressions into Eds.and (2) re-
sults in the following expressions for the launch velocity
components of the golf ball;

®) Upin=(1+e)vs cosol(1+m/M), 7

Fig. 1. (a) A clubhead of mas#, loft 6, and spee@; before impact with and
a golf ball of massm and radiusr. (b) The velocity components of the Uptp= —Uci SING/(1L+m/M + mr/1). (8)
clubhead and golf ball after impact.

The launch speed and launch angle of the golf ball are then

given by

during impact. The resulting equations, along with the con-  Vpo=vp1= (vt 5 M2 ()
servation of linear momentum, allowed the launch speedand
launch angle, and initial spin of the golf ball to be deter-
mined for a given initial clubhead speed and loft. However,  ¢= 0+tan*1(vbfp/vbfn). (10
the collision can also be analyzed without reference to thg,o g of the golf ball when it leaves the face of the driver
forces and torques, by simply considering, in addition to thqS determined bv Eq(3

. . : y Eq3),
conservation of linear momentum, the conservation of angu-
lar momentum. Conservation of linear momentum along the ~ @pe= W= —Mupgr /1. (12

normal and parallel axes and conservation of angular mo- A standard USGA approved golf ball has a diameter of
H:;r;t.um about the impact point lead to the following equa-, o4 . (1.68) and a mass of 45.9 (.62 0. Using these

values along with a mass of 200 g and an impact speed of 45

Muv ¢ty t Mupin=Mu; COSH, (1) m/s for the clubhead, which are typical values for a drive,
. Egs.(7)—(11) were used to determine how changing the loft

Muggp+ Mupgp=—Mug; sing, @ of the clubhead changes the launch speed, launch angle, and
and the initial spin of the golf ball. The results are shown in Fig.
2. As is seen, the launch speed of the golf ball decreases with
lwps+Mupgpr =0, 3 increasing loft while the initial spin of the ball increases.
wherev ¢, andv ., are the velocity components of the club-
head after impact, angdy,, vpin, andwy,; are the velocity
components of the golf ball after impact.

Energy is lost during the collision as the ball becomes The loft, 6, used in the theoretical model of the impact and
seriously deformed and the forces involved in the compresin Fig. 2, is the angle the clubface makes with the vertical
sion phase are not equal to the forces during the expansiamhen the clubhead impacts with the golf ball. This angle is
phase. The loss in energy can be taken into account througiroperly referred to as the dynamic loft of the clubhead. The
the coefficient of restitutiorg, which relates the relative ve- dynamic loft, in general, is not equal to the clubface loft
locity along the line of impact after the collision to that be- which is typically specified on the golf club. The clubface
fore, loft is the angle the clubface makes with the vertical when
4) the sole of the clubhead is at rest on the ground. The differ-

ence between the clubface loft and the dynamic loft is due to
Cochran and Stobbs gave a value of 0.67€dor a well hit  the flexing of the golf club shatft.
drive, although no specifics of how this value was obtained The motion of a golf club shaft during a swing is similar
were given. Measurements of golf balls fired into a stationto the motion of a whip. Initially, at the top of the swing, due

B. Dynamic loft of the clubhead

e=(Vpfn—Vcin)/U¢j COSH.
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Fig. 3. The forces acting on a golf ball as it travels through the air with
velocity vy, and backspinwy, .

air. The force due to the air can be resolved into a component
which acts parallel to the direction of motion, the drag, and a
component perpendicular to the velocity vector, the lift. Fig-
ure 3 indicates these forces acting on a golf ball traveling at
a speed, with backspinw,, in a direction of¢ with respect
to the horizontal.

The drag,Fp, on a ball of radiug traveling through a
fluid of densityp, 1.204 kg/ni for dry air at 20°C, and at a
speedv, is given by

Fo=3p(mr?)Cpu}, (12)

where Cp, is the drag coefficient. The drag coefficient de-
pends on the Reynolds number, the nature of the ball's sur-
face, and in general on the speed of the ball and its spin.
Similarly the lift, F|_, acting on the golf ball is given by

FL=3p(mr?3)CLv}, (13

whereC, is the lift coefficient. The lift and drag coefficients
measured by Bearman and Harvey were found in general to
decrease with increasing speed and to increase with increas-
ing spin. Using these coefficients, Bearman and Harvey cal-
culated the carry of golf balls for the same launch parameters
that were obtained from high speed photographs of balls hit
by a driving machine. Good agreement was found between
the calculated golf ball carries and the measured carries for
hexagonally dimpled balls and therefore it is these drag and
lift coefficients that will be used in this paper. Given these

to the inertia of the clubhead, the shaft will bend back so agoefficients, the motion of the ball follows from Newton’s
to leave the clubhead behind. However, the clubhead nadecond law applied to theandy axes of Fig. 3:

only catches up, but the shaft flexes forward such that at )

impact the clubhead is several degrees ahead of the position 2= (—Fpcos¢—F sin¢g)/m, (14)

it would have had if the shaft had not flexed. Jorgensen phoyng

tographed a particular swing of a professional golfer and ]

measured the actual angular deflection of the clubhead prior ay=(—Fpsing+F cos¢)/m—g, (15

to impact to be 3.3°. The dynamic loft is therefore approxi-

whereg, the acceleration due to gravity, will be taken to be

mately 3.3° greater than the clubface loft in this case. They gq /2

flex of a given golf club shaft will depend on the material,

The rate at which the spin of the golf ball decays, or the

size, and shape of the shaft and on the mass and velocity gf,qyjar acceleration, has been determined in wind tunnel

the clubhead. However, in general, the dynamic loft will be(egis These tests indicate that the decay is approximately
several degrees greater than the clubface loft.

C. Trajectory and carry of the golf ball

exponential with the spin rate on landing for a driver shot
estimated to be approximately 75% of the initial spin rate.
The following empirical equation for the angular accelera-

Once the golf ball leaves the face of the clubhead its motion, «, of a golf ball, obtained from the results of Smits and
tion will be determined by the forces due to gravity and theSmith® will be used in the calculations,
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Fig. 4. Theoretical values for the carty——) of a golf ball for dynamic  Fig. 5. Experimental value@) of the coefficient of restitutione) versus
lofts ranging from 10° to 14° in steps of 1° versus the launch veloaity)( the magnitude of the landing velocityu,) along with Eq.(19).
of the golf ball compared with the experimental carry results of Willidshs

Daish considered the case of a ball bouncing on a plane
a=—(0.00003(wpup/r). (16)  solid surface and his model will be used to determine the

Williams** provided data on the carry and drive of a Brit- Overall bounce length. The length of the first bounbe,

ish golf ball hit with a driving machine. British golf balls Will be given by

have the same mass, 45.9 g, as a standard golf ball, but have |, _

a slightly smaller diameter of 4.12 cm. The results Williams 01=(2/8)vbxvbry an
presented gave the carry and total drive for various measuretherevy,, andvy,, are the velocity components of the golf
launch speeds of the golf ball. In order to compare the abovball after rebound. The vertical component of the rebound
theoretical model of the impact and trajectory of a golf ballvelocity can be expressed as

with Williams’ data, the carry distances for a clubhead mass
of 200 g and for various clubhead speeds and dynamic lofts
were determined. The golf ball’'s launch speed, launch angleyhereuvy,q, is the vertical component of the landing velocity
and initial spin were calculated using Eq8)—(11). These ande is the coefficient of restitution between the golf ball
launch parameters were then used along with interpolategq the fairway. The value o will in general depend on
Cp andC, values from Bearman and Harvey to compute theihe nature of the fairway and on the landing velocity of the
trajectories of the golf balls using Eqd.2)—(16). The result- 4o pall. In order to determine the dependencespbn the

ing carry versus the launch speed of the golf ball is given foljzhqing velocity, measurements were made of the bounce
various dynamic lofts in Fig. 4 along with the carry results of yeight of golf balls which were either dropped from specific
Williams. The trajectories were calculated numerically usinghejghts onto a grass lawn or tossed vertically upward with
a step size of 0.001 s, which resulted in a calculation uncergeir times of flight recorded. The resulting coefficients of
tainty in the carry and drive of less than 0.1 yd. The diS-yegitytion plotted against the calculated magnitudes of the
tances on this figure and following ones will be given in5n4ing velocities are shown in Fig. 5. As is seen, the coef-

yards, as this is the standard unit used in the game. AS igeient of restitution decreases with increasing impact veloc-
seen, reasonable agreement with Williams’ data is obtainefl, The following equation, which is also plotted in Fig. 5

for a dynamic loft of approximately 12°. Williams did not
specify the value of the clubface loft of the driver used inthe ~ €¢=0.510-0.0375v4,| +0.00090% 4|, (19

tests; however, it is expected that a standard commercigyg o with the experimental results and will be used in the
driver with a clubface loft of approximately 10° was used. Asubsequent calculations of the bounce length

g;e/n:rggslggtaobflg?ggﬁﬁlmately 12° would therefore seem to Daish found that, for the case applicable to a drive, the
: coefficient of friction will, in general, be great enough to

arrest the backspin of the golf ball on impact with the ground

and to put the ball in a state of rolling when it rebounds from

D. Run of the golf ball the surface. In this case the horizontal component of the

rebound velocity was shown to be given by

After impact with the ground, the golf ball will ideall _
bounce seF\)/eraI times an% then roll tg a stop, the totaI{iis- Vbrx= (50bqx= 27 wpg) /7, (20
tance traveled being referred to as the run. In practice thWherequX is the horizontal component of the landing veloc-
motion of the golf ball after landing can be fairly erratic as it jty and wpq is the backspin of the golf ball at impact. Daish
depends on the condition and slope of the fairway, especiallyjso showed that for impact on a plane solid surface, the
at the landing point. For the purposes of this paper the gemorizontal velocity component of the golf ball will stay con-
eral dependence of the run on the landing velocity and spiRtant through each subsequent bounce. Therefore each
of the golf ball needs to be determined. This will require pounce will bee; times the length of the previous one so the

both phases of the run, the bouncing and then the subsequ ;
roll, to be modeled, although it must be stated that any modglla[aI bounce lengthhr, of the golf ball will be

can only roughly approximate the general run of a golf ball.  br=(1+e,+€,6:3+ €:2€3814+- )b, (21)

Ubry:ef|quy|v (18)
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Fig. 6. Theoretical values for the bounge-), roll (-=-), and run( ) of Fig. 7. The carry(---) and drive( ) ) C_’f a golf ball versus the dynamic
a golf ball, for 4, =1.0, versus the launch speed,f) of the golf ball loft (6) of a 200 g clubhead for various initial clubhead speags)(
compared with the experimental run results of Williatss

. . . _ the above model predicts initial bounce heights of only ap-
whereey; is the coefficient of restitution for theh bounce.  proximately 30 cm while observations indicate initial bounce
After the first bounce, the vertical component of the rE3bouncﬁeight:~: of over 1 m. The reason for the difference, as Daish
velocities will be relatively small, less than 3 m/s, for the pointed out in the case of the bounce of a cricket ball, is that

initial golf ball launch speeds considered. Therefaewill  the landing surface is not solid and the ground is deformed at
be approximately equal to 0.5 for the second and subsequefmipact. The ball is therefore actually rebounding from an
bounces. Therefore, inclined surface. The result is that the ball will be thrown
higher in the air with an increased vertical velocity compo-
br=(1+(0.5+(0.5%+(0.5+---)b; (228 nent,vy,,, and will have its horizontal velocity component,
=2b,, (22b) Uprx» Feduced at each bounce. However, for the purposes of

this paper, the above run model, which is fitted to Williams’
and the total bounce length is approximately twice the initialdata through the coefficient,, provides a reasonable de-

bounce length. . _ pendence of the run on the landing velocity components.
After the bounce phase, the golf ball will be rolling along

the ground with a speed af,,, and, assuming a constant
frictional force of u,mg, whereu, can be identified as the Ill. RESULTS
coefficient of rolling friction, the roll distance will be given

by Using the above models for the impact with the clubhead,

the trajectory, and the run of a golf ball, the dependence of
rr=vpr (202,9). (23 the carry and drive distances on the dynamic loft of a driver
; : can be determined. The results for a standard golf ball and a
The total run,A, will therefore be given by 200 g clubhead for initial clubhead speeds of 35 1tV8
A=br+rg. (24)  mph), 45 m/s(100 mph, and 55 m/g123 mph, correspond-

To compare this model of the run with Williams' data, the N9 10 short, average, and long drives, are shown in Fig. 7.
landing velocity and spin were calculated for a golf baIIAS IS s_hown, the peitks of t_he curves are broad, with vari-
struck by a 200 g clubhead, with a dynamic loft of 12°, angances in the loft of 3 resulting in a loss |n.the carry or the
various clubhead speeds. The run was then calculated usirqé've .Of qnly appro>'<|mately'5 yd.' Also, as IS seen, the loft
Eqs.(17)—(24) and the theoretical dependence of the run as %hsultmg in the maximum drl_ve dlstance_z is a few degrees less
function of the initial launch speed of the golf ball was de- an the loft which results in the maximum carry. For ex-
termined. The coefficient of rolling frictiorny, , was used to
fit the run distance obtained from the model to the results of
Williams. Good agreement is found with Williams’ data for
a value ofu, of approximately 1.0. Figure 6 shows the re-
sults with Williams’ data along with the modeled bounce
length, roll, and total run, for a value @f, of 1.0, plotted as
a function of the launch speed of the golf ball. As is shown
the run decreases with increasing launch speed of the gol£
ball. The reason is that although the landing speed increasegg
with increasing launch speed, the horizontal component ofg
the landing velocityp,qy, decreases with increasing launch
speed as the golf ball comes in at steeper angles.

Although the above model matches well with Williams’ sl
run data for the given value @f, , there are differences with S0 35.00 40100 45.00 50.00 55.00 60.00
observations made of the behavior of bouncing golf balls on Y ()
fairways. The most obvious difference is the height of therig. g. The optimum dynamic loft of a 200 g clubhead versus initial club-
bounces. Using calculated valueswf,, for typical drives,  head speedu;).

20.00

15.00

Loft (degrees)

10.00

Optimu
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350.00 experimental results. The parametric fit of the run model
with Williams’ data gives a reasonable result for the general

300.00 behavior of a golf ball after landing. These models allow the
question of what clubhead loft will lead to the maximum
% 250.00 drive distance to be answered. The optimum dynamic lofts
2 for drivers that were determined agree reasonably well with
Ezoo'oo the lofts of drivers used in the game.

Further analysis of the problem would require additional
data on the relationship between the clubface loft and the
dynamic loft. Also, experimental measurements on the indi-
vidual contributions of the bounce and the roll to the run of

100,00} o 50 T 500 500 =00 563,00 a golf ball and their dependence on the landing velocity com-

vy (m/s) ponents would be required.
The results presented in this paper will hopefully be of
Fig. 9. The drive distance for the optimum dynamic loft versus initial club- interest to those students and colleagues who not only enjoy
head speed;). an interesting and practical physics problem but who also
may find themselves at their local golf course.
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VOCABULARY

If you think you can invent better words than those currently in use, you are undoubtedly fight.
However, you are rather unlikely to get many people except your own students to accept your
terminology; and it is unkind to make it hard for your students to understand anyone else’s
writing. One Bourbaki per century produces about all the neologisms that the mathematical com-
munity can absorb.

Ralph P. Boas, Jr., “Can We Make Mathematics Intelligible?,’Lion Hunting & Other Mathematical Pursuitedited by
Gerald L. Alexanderson and Dale H. Mugl@athematical Association of America, Washington, 1995 232.
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