The physics of golf: The convex face of a driver
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The impact of the clubhead of a driver with a golf ball is modeled. The effect of the convex clubface
of a driver on the flight of the golf ball is considered and the dependence of the optimum curvature
of the clubface on the volume, mass, and impact speed of the clubhead is determinegh1 ©
American Association of Physics Teachers.
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[. INTRODUCTION force acting on the ball’s surface during impact and will

. ) therefore determine the direction of the spin. In the case
Golf is not only an extremely popular game but is also aghown in Fig. 1a) the result will be that the ball will acquire

storehouse of physics problems. Thi_s paper will concern itbackspin. Another example is given in Fig(bl which
self with one such problem, and that is why the clubface of &oys the overhead view of a driver with a convex face. In
driver, the golf club used to drive the golf ball the maximum e case of an off-center impact with the golf ball, the club-

distance, has a convex curvature. This is a perplexing prob .« \will have a tangential velocity component,, at the
lem for it would be thought that a convex face would be the;, -+ hoint pointing toward the ciubface’s center. This will

last thing that would be wanted as any off-center impac, o+ 4 sidespin to the golf ball in the clockwise direction as

would be expected to fly even further off target. The goal ofgp\yn in the figure. This effect where sidespin is imparted to

ﬂ}'s p?pbefr IS tEerefor?hto debtermlne tvxélr_\a;t]teffegt the (icut;]vatur golf ball due to the normal to the clubface at the impact
ofa clublace has on the subsequent fight and run OTthe gog, iy, being at an angle with respect to the velocity of the

ball. A mathematical model of the general eccentric impac : . : p 3
between the clubhead of a driver and a golf ball will be Ilé?_t]ead will be referred to in this paper as the "angle ef

presented which will provide a quantitative explanation of
the curvature of the clubface. In addition, this model will
also allow for the determination of the optimum radius of
curvature for the clubface for a specific impact point, and it

The second way that a golf ball is given spin by the impact
with the golf club arises from the rotation of the clubhead.
Figure Xc) shows the overhead view of a driver with a flat
Sface. In this case the normal to the clubface is parallel to the

dependence on clubhead parameters. . clubhead’s velocity, so no angle effect will be present. How-

naﬁjltrzoggg é:r(i)vcehrfgnclSESacSetog?:joozzng:ﬂersz)h?arcgrs“/:x eeVer, in the case of an off-center impact, an angular velocity,
" . o 9 y o w¢, Will be imparted to the clubhead. This will result in the

scriptive explanation. This is also true for the description as . : . )

given by Maltby in his golf club design book, although in VEIOCity of the impact point of the clubface,, being

this case some empirical results are also provided. Math-

ematical models of the impact between a clubhead and a golf
ball provided by DaisH, Jorgensefi,and Pennérare also wherer, is the position of the impact point relative to the
limited in that only central impacts are considered, in Wh'Chcenter of mass of the clubhead. As shown in the figure, this
case the curvature of the clubface will have no effect. Onlyi|l result in the impact point having a velocity component,

by considering eccentric impacts between a golf ball and ; oo
clubhead can the effect of the curvature of the clubface b%jaé’f;iggep;iéovﬁ isliggfteap(s);ggggir? Vtvg );hféogndtfhg acltleir:]tet[]é)f

Vo=Vt 00X g (1)

determined. counterclockwise direction for the case shown in Fi¢c).1
This effect is what is normally referred to in golf as the

II. SPIN AND ITS EFFECT ON THE FLIGHT OF A “gear effect.” As seen in Figs. (b) and Xc), in terms of the

GOLF BALL orientation of the sidespin given to the golf ball, the angle

. .. . effect and the gear effect generally oppose each other. Which

To understand why the face of a driver is convex, it is firSteffect is dominant will depend on the position of the impact
necessary to understand the direction of the spin that is iMsgint, on the curvature of the face, on the mass and moments
parted to a golf ball during impact. The direction of the spinof jnertia of the clubhead, and on the clubhead’s speed at
will be determined by the direction of the velocity compo- jmpact. For example, if the curvature of the clubface is rela-
nent of the clubface at the impact point which is tangent tAjvely large, the angle effect will typically be dominant and
the clubface. In general, there are two cases where the clule golf ball will end up with the sidespin shown in FigblL
face will have a velocity component tangent to its surface ajf the curvature of the clubface is relatively small, the gear
the impact point. The first is the case where the normal to th@ffect will typically dominate and the golf ball will end up
clubface at the impact point is not parallel to the clubhead’syjith the sidespin shown in Fig.(d).
velocity, ve. An example of this is given in Fig.(&) where The orientation of the spin which is imparted to the golf
the side view of a driver is shown. Due to the loft of the pa|| will in turn determine the direction of the Magnus force
clubhead, the velocity,, of the impact point, a, will have a which acts on the spinning golf ball as it moves through the
componenty 5,, pointing down, parallel to the clubface, and air. The direction of the Magnus force is, in general, given by
a componenty ,,, normal to the clubface. The direction of @,XV,, wherea,, is the unit vector in the direction of the
vap Will determine the direction of the resulting frictional angular velocity andl, is the unit vector in the direction of
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Fig. 2. The direction of the Magnus forcE,,, in the case where the golf
ball is imparted back spin.

back, due to the Magnus force, toward the center of the fair-
way. In the case shown in Fig(l3, where the curvature is
just right the net effect will be that the golf ball will end up
landing in the middle of the fairway. Figurg@ shows the
case where the curvature of the clubface is too great, result-
ing in the angle effect dominating for an off-center impact.
The resulting Magnus force will cause the ball which starts
out in the direction perpendicular to the clubface to veer
even further away from the center of the fairway. It is now
clear why the face of a driver is slightly convex. As shown in
b) Fig. 3(b), it will compensate for the effect of the sidespin

imparted to a golf ball as a result of the gear effect in the
case of off-center impacts. To determine quantitatively the
optimum amount of curvature that should be given to the
clubface of a driver it will be necessary to have appropriate
models for the clubhead, for the impact with the golf ball,
and for the subsequent trajectory.

O
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Fig. 1. Examples where the clubface has a velocity component tangent to its
surface at the impact point. Fum

the linear velocity. As an example, Fig. 2 shows the sideview

of a golf ball struck with a driver and thereby being given

backspin. As shown in the figure, the result is that the Mag-

nus force,Fy,, will have a positive vertical component. A b)
golf ball will travel significantly further through the air be-

cause of this effect. Figure 3 shows the overhead views of

off-center hits by a driver. In these cases the ball is given

sidespin, which will result in the Magnus force having a

component in the horizontal direction, perpendicular to the

balls velocity. The ball will therefore curve sideways in

flight. Figure 3a) shows the case where the face of the driver

is flat and only the gear effect is present. For an off-center

impact the Magnus force will cause the golf ball to curve

across the center of the fairway. FigurdbBshows the case Fm 0

where the face is given only a slight curvature so that the
gear QﬁeC_t IS domlnan.t and the ball will therefore St?-rt off inFig. 3. Examples of the resulting golf ball trajectories due to the Magnus
the direction perpendicular to the clubface but will curveforce,Fy,.
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v'p v taken to be in a direction normal to the clubface at the point
/K of impact,a. Thet axis is in a direction tangent to the curved
face at the impact point while thp axis is in a direction
parallel to the loft of the clubhead. The anglegives the
M, / position of the impact point with respect to the center of
5 curvature of the clubface&;.. For simplicity, this paper will
z'z X only consider impacts on the horizontal line, as shown in
\ Fig. 4(c), that run along the center of the face.
> The massedM andM,,, required to place the center of
mass along the normal to the center of the clubface xthe
axis, are determined to be

a) M,=(2tand)M, and (28
M=M—-M,,, (2b)

whereM is the total mass of the club. As an example, for a
oL typical driver clubhead of volume 250 cc, mass 200 g, and

. Vo loft of 10.5° the values foM,,, Mg, andL are 74.1 g, 125.9

s & X’ g, and 3.97 cm, respectively. The moments of inertia about

\K R\Z A thex, y, andz axes for the given clubhead model are found to

I

be
| = (2/3— 1/6 tand—tan )M L2, (33
vy k3 lo=le, and (3b)
= — loy=(1—2/3tand)ML2. (30

b) These expressions were determined by treating the clubhead
as a rectangular shell with a weighted sole and ignoring the
effects of the loft and the curvature of the clubface. The
resultingy component of the moment of inertik,,, for the

~ impact line driver clubhead values given above, is found from Ey)

X to be 2.76<¢10°gcn?. This is only slightly less than the
experimental value of 3:410° g cn? found about the same
axis for a similar clubhead volunfeThe moments of inertia

=
I )"C)

)

;3
N2

2L about then, t, andp axes for a given impact positiog, are
found, by suitable transformations, to be
c) len=1¢; SIN? p+ 1, COS ¢ COS O+ o COS ¢ SIF 6,
Fig. 4. The geometry of the clubhead model) side view,(b) overhead (48
view, (c) front view. lep=1exSIP 6+1¢ cos 6, and (4b)
| =1, COS P+ 1 SiN? ¢ COS O+, SIF ¢ Sin? 6. (40)
Ill. MODEL OF THE CLUBHEAD The golf ball will be modeled as a uniform solid sphere

Modern driver clubheads are hollow and are aerodynami\—"”th the following moments of inertia:

cally shaped in order to reduce the air drag during the swing. 1 ,,=1p,=1,=(2/5m?, (5)
However, for the purposes of this paper the clubhead can be . o .
adequately modeFI)edpas a rectang%la?r shell of helightnd ~ Wherem is the mass of the golf ball andis its radius. The

with a length and width of B. In a typical driver, weight is USGA regulations set the minimum diameter of a golf ball at

added to the sole of the clubhead in order to align the centef'g'z?UCS%g't?]Seslg)vzﬂf e;hf%m?émr::;glsn;ﬁzssﬁzt;;;%%gﬁ ball

of mass along the normal to the center of the clubface. Th'?esults in a value of 83.7 g dfor the moments of inertia

optimizes the velocity imparted to the golf ball for central_Which are given by Eq(5). This is slightly greater than the

impacts.. In the case of the above clubhe_ad model, this Iaxperimental values for the moments of inertia of similarly
accomplished by adding a plate of appropriate mifg, to ized golf balls which ranged from 72.8 to 81.3 gdm
the sole of the shell, which will be taken to have a mass on'

M. The geometry of the model is shown in Figga)4-4(c),
with the face of the driver set at a loft &f and the radius of IV. MODEL OF THE IMPACT

curvature of the cylindrically shaped clubface being s&tat  The general collision between a clubhead and a golf ball is
The center of mass of the clubhedtl, , will be at a per- an example of a three-dimensional eccentric impact. The
pendicular distance df/cosé from the center of the club- standard method of analy&isfor such a problem is to con-
face and will be taken as the origin of the coordinate systemsider the linear and angular impulse-momentum laws and the
shown in the figures. The velocity of the clubhead will be constraints on the velocities. Although this method cannot
taken to be along the axis, while thex’ axis is perpendicu- describe the transient stresses and deformations produced, it
lar to the center of the face of the driver. Theaxis will be  will allow for the determination of the initial and final veloc-
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ity states of the colliding objects and the applied impulse. In
order to simplify the analysis, several assumptions or ap-
proximations will be required. The first assumption is thatFor moments of inertia df;,, 1,, andl about then, p, and

the clubhead behaves as a free body during impact, in thdtaxes, respectively,

the effect of the shaft can be ignored. This is a reasonable ~ ~ “

approximation as the impact force will be much larger than Her=len@emN+ 1 pocpP + lerwent, (12

the fOI’C.e the shaft exerts on the clubhead dUrlng the CO”lwherewcfn, Weip s andwcﬁ represent the final angu|ar veloci-
sion. This was demonstrated by Cochran and Stobiisere ties of the clubhead about the specified axes. The final angu-

tests were made with a cIubhead_hing_ed on a golf club shaffg; momentum of the golf balH,;, about its center of mass,
Flash photographs and the resulting flight of the ball showeghi” be

that this unique shaft had little effect on the impact. A secon

approximation that will be made is that the impact occurs at ~ Hp=rpaX(—P), (13

a single point, although photographs have shown that a go o ,

ball is significantly flattened against the face of the cIubheadﬁgirse{é’at’hgl?m%(;sé?%gi\rﬁcg rglf\r/(;rr}]’l tt)f;/e golf ball's center of

A third approximation is that the impact is instantaneous and '

therefore there is no change in the orientation or position of  rpa=—rf. (14)

the clubhead during the collision. A fourth approximation is

that the golf ball is in a state of pure rolling when it leaves

the clubface. This follows from the ex(g)erimental results of

Cochran and Stobbsind of Chouet al,'° who showed that

for clubface lofts below 40° the spin of the launched golf ball ]

was approximately independent of the smoothness of th&here wy,, wpr, and wpy represent the final angular ve-

clubface. As stated, these approximations will simplify thelocities of the golf ball about the specified axes.

analysis and will not affect any of the general conclusions. There are two constraints on the final velocities of the
The collision between a clubhead and a golf ball will beclubhead and the golf ball. The coefficient of restitutien,

analyzed with respect to the p, andt axes shown in Fig. 4. can be defined as the ratio of the final to the initial relative

The impulse acting on the clubhead will be taken to be ~ Vvelocity along the line of impact and is related to the loss of
mechanical energy during the collision. In terms of the ve-

P=Poi+Pyp+Py. (6) locities of the clubhead and golf ball, this constraint leads to

The change in the linear momentum of the clubhead will (v + wpXrp,) -A— (Vept @ Xrp) -A=evgA. (16)
then be given by

= rcanﬁ+ r(:.31tf- (110)

For moments of inertia ofy,, Ip,, andly about then, p,
andt axes, respectively,

Hpt=lon@pmN+ T hp@pipP + 1 gy, (19

Measurements by Lieberman and JohrdSawf golf balls

M (Ver—Vei) =P, (7)  fired into a stationary steel plate have given values gor
decreasing from approximately 0.76 for impact velocities of
37 m/s to values of approximately 0.72 for impact velocities
of 50 m/s. Applying a linear fit to these results gives the
following dependence of on impact speed and loft:

e=0.86-0.0029 . cosé. (17

= (0 C0SH COSh) N — (v SINB) P— (v COSHSINP)L. The approximation that the ball is in a state of rolling
(8D when it leaves the clubface is equivalent to setting the final

The final linear momentum of the golf ball will in turn be relative tangential velocity at the impact point equal to zero.

wherev; is the initial clubhead velocity and is the final
clubhead velocity. The initial clubhead velocity is taken to be
along thex axis and will therefore be given by

Vei=UX (8a)

given by Applying this constraint to both theandp axes results in
MpVp=—P, 9 (Vert X1 o)t — (Vs + wpe X ) £=0, (183
wherev, is the velocity of the golf ball after impact. and
_ The final angular momentum of the clubhe#&tly, about (Ver+ @ XF a)P— (Vs + @prXTpa) P=0 . (18b)
its center of mass will be e ) i
The six linear equations for the linear momentum, Eds.
Her=rcaXP, (10 and(9), six linear equations for the angular momentum, Eqgs.
wherer ., the position vector from the clubhead's center of (10) and (13), and the three linear equations of constraint,
mass to the impact point, is given by Egs.(16) and(18), can be solved for the 15 components of
~ R Ve, Vi e, wpi, andP. The solution for the final linear
rea=RA—(R—L/cosf)% (118 velocity of the golf ball is as follows:
=(R(1—cos¢)+L cos¢/cosh)h Vb= A+ DD+ Ubftf (19)
+(R—L/cos@)sin ¢t (11b  with

(1+e)ylg cos¢>+(1+e)mr§am COS—MT eyl cat SN

2 2
Byl cp T YMIgat BMre,

, (203

Upfn="U¢ COSE
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Upfp= ~Ugi siné/A, (20b)
and
b g Prean
bft bfn'yrcat
leatSINd—(1+€)r,,Ccos
pucosg e (Lt Oancos
Yl cat
where
B=(1+m/M), (21a
y=(1+m/M+mr?/ly,), (21b)
and
A=(1+m/M+mr?/lg+mr2 Jlg+mri/lg). (219

The final angular velocity of the golf ball is given by

0= pmA+ OppRP+ Oy, (22)
where

wpin=0, (233

Opip=VpMI Iy, (23b)
and

Opft =~ VpipM I/ . (230

The solution for the final linear velocity of the clubhead is

given by

V=V e+ vepP+ vcﬁf, (24)
where

U cfn =1V COSH COSP— (M/M)v sy, (253

Ueip= —V¢i SINO—(M/M)v gy, (25b)
and

Veft=— U COSO SIN— (M/M)v g . (250

The final angular velocity of the clubhead is given by

0= Wenl+ WP+ w e, (26)
where

Ocin=UpipMreat/lcn s (27a

Ocip=UpitMTlean/l g = VpimMTeat/l p (27b
and

Oct=~VpipMTcan/l - (270

The final velocity of the clubface at the impact point can
be determined using Edl). Of particular interest is the
component of the velocity along theaxis, as it will deter-
mine whether the gear effect or angle effect is dominant,

This component is given by

Va't=0ct — @epl can - (28)

V. FLIGHT AND RUN OF A GOLF BALL

with Penner, considered the two-dimensional trajectory of
golf balls with backspin while McPhé&considered the ad-
ditional effect of sidespin.

In order to model the three-dimensional trajectories of golf
balls the forces due to gravity, air drag, and the Magnus
effect need to be determined. The gravitational fofeg, is
given by

Fe=—mgy (29

and will be constant throughout the flight. The air drig,
acting on the ball at any point along its path is, in general,
given by

Fo=—1/2p(7r?)Cpv 0y, (30)

wherep is the density of the air, 1.205 kgfnfor dry air at
20°C, Cp, is the drag coefficienty, is the speed of the ball,
and ¥, is the unit vector in the direction of motion. The
initial flight values ofv,, andV,, are given by

Vpo=Vpr= (Vi T Vi 0hep) 2 (31)
and
(323

= ((vpfn COSeh COSO— vt SN p COSH— v s, SIN )X

Vo= (Uil + Uit + v pipP) /v o

+ (Vpin COSe SINO— vy SiNp SIN G+ v, COSH)Y
+ (U pn SN+ v COSP)2) /v g- (32b
The Magnus force can similarly be expressed as
Fu=1/20(7r?)CLvds,, (33
\t/)vhereCL is the lift coefficient, and the unit vect§g is given
y

The initial flight values ofw, and w,, are given by
wpo= 0= (Wi T ®5e) Y2, (39
and

&)b0= ((wat COS(ﬁ))?_ (wat sin ¢ cosH+ Whfp sin 9)9
+ (pfp COSH— Wy SiNep SING) 2)/ wpg . (36)

The drag and lift coefficients depend on the Reynolds
number, the nature of the ball’s surface, and in general on the
ball's speed and spin. Experimental values obtained by Bear-
man and Harvey? for hexagonal dimpled British golf balls,
were found to give good agreement with respect to measure-
ments of the carry, which refers to the total distance the ball
travels before landing, of driven golf balls. Therefore inter-
polated values of these coefficients were used in the analysis.
The linear acceleratiora, of the golf ball during its flight
is given by Newton’s second law:

a:(FG+ FD+ FM)/m (37)

In order to determine the change in the drag and the lift
coefficients over the flight of the golf ball, the change in the
spin of the golf ball is required. The magnitude of the angu-

The flight of a golf ball through the air has been consid-lar accelerationg, for a golf ball has been determined in
ered in several articles presented in this Journal. Bearmanind tunnel tests. These measurements show that the spin

and Harvey? Erlichson'® MacDonald and Hanzefy} along
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initial spin rate. Smits and Smithgave the following em- 20.00
pirical expression forx:

a=—(0.00002(wpvp/r), (38)

ft (degrees)

15.00
which was used in the analysis. The orientation of the spin
will be taken to be fixed throughout the flight. Given the
initial linear and angular velocities of the golf ball, the linear
and angular accelerations during its flight, and the Bearmar
and Harvey? lift and drag coefficients, the trajectory and
carry of the golf ball can be determined.

After the ball hits the ground it will bounce several times
and then ideally roll a certain distance before coming to rest. - 90 B @R &0 S0 S0 @0
The total distance traveled after landing is referred to as the Ve i)
run. Penne?,using results from Daishmodeled the run, Fig. 5. The dependence of the optimum dynamic loft on impact spegd,
of a golf ball for the case of central impacts and the subsefor a clubhead of mass 200 g and a volume of 250 cc.
guent two-dimensional trajectory and landing velocity. Ap-
plying this model to the general case of off-center impacts
and the resulting three-dimensional trajectory and landing

10.00

mum dynamic lo

Opti

velocities results in the following; VI. RESULTS
A={(419)vormt Vi (20) 1, (39
. . A. Optimum loft of the clubhead
wherevy,, and vy, are the vertical and horizontal compo-
nents of the rebound velocity.e. after the first bounge u, Before considering off-center impacts and the curvature of

is the coefficient of friction between the golf ball and the the clubface, the loft to be used in the clubhead model needs
to be determined. This was accomplished by determining the
clubhead loft which will result in the maximum overall drive
distance for impacts at the center of the face. Equations
(19—(23) were therefore solved for various loft angles,

and initial clubhead speeds,; for impacts with¢p=0. The

Wherequx andquz are thex andz components of the land- resulting initial launch VE|OCity Components were then used

fairway, andh is in the direction of the horizontal component
of the landing velocity. This direction will be given by

h= (Vg X+ Vpg2) [V pgh, (40)

ing velocity, Vuq, andu g, is given by along with Eqs(29)—(45) to det(_arming the carry and run of

the launched golf ball. The trajectories were calculated nu-

quh:(vngrvng)l/Z. (41 mericall_y using a step size of 0.001 s, Whi_ch resulted in a
calculation uncertainty of less than 0.1 yd in the carry and

The vertical component of the rebound velocity can bedrive of the golf ball. The distances in this paper will be
expressed as given in yards as it is the standard unit of measurement in the
game of golf. The clubhead lofts which resulted in the maxi-
Ubrv= ef|quy|v (42) mum drive distances for various initial clubhead speeds were

. . . .. thereby determined. It should be noted that the lofts calcu-
whereuv g, is the vertical component of the landing velocity |ateq are correctly referred to as the dynamic lofts or the lofts
and e;, thg coefficient of restitution between the golf ball of the clubface at impact. In general, due to the flex of the
and the fairway, was found by Peni¢o be approximated club shaft, the dynamic loft is several degrees greater than

by the following empirical equation: the clubface loft which is normally specified on the club-
head.
_ 2
€;=0.510-0.0375v bqy| +0.000 90% bqy| ' (43 Figure 5 shows the results for the dependence of the opti-

mum dynamic loft on the initial clubhead speeq;, given
for a clubhead mass of 200 g and a clubhead volume of 250
cc. As an example, for an initial clubhead speed of 45 m/s,
V= (50 pgh— 2§ wpn) /7, (44)  the optimum dynamic loft is 13.3° for the above clubhead
parameters. These particular values for the clubhead mass,
where wyqn, the horizontal component of the spin that is volume, dynamic loft, and impact speed will be referred to as
perpendicular to the horizontal component of the landing vethe reference clubhead for the remainder of the paper. The

The horizontal component of the rebound veloaity,,, was
shown by Daish to be given by

locity will be given by overall drive distances for the optimum dynamic lofts for the
A various clubhead speeds are shown in Fig. 6. For the 45-m/s
Whgh= Whq' (NX). (45) reference clubhead speed, the drive distance is 233 yds.

These results show that in general the optimum dynamic loft
Using this model for the run in the case of a two-dimensionadecreases with increasing clubhead speed, which corre-
trajectory and landing velocity, Penner found a reasonable figponds with current golf practice. Analysis by Perther,
with the experimental results of Williarhsfor a value ofu, where the clubhead was treated as a thin plate, gave values
equal to 1.0 and therefore this was the value used in thsimilar to those shown in Figs. 5 and 6. For example, for the
analysis. It is important, however, to state that this model fosame clubhead mass of 200 g and initial speed of 45 m/s the
the run should only be treated as a rough approximation toptimum dynamic loft for the thin plate model was found to
the real behavior of a golf ball after landing. be 13.1° and the corresponding drive distance was 232 yds.
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Fig. 6. The dependence of the drive distance on impact spgedfor a Fig. 8. Overhead view showing the dependence of the traje¢tefyand
clubhead of mass 200 g, volume of 250 cc, and with the optimum dynamicun ( *— ) of a golf ball, for various radii of curvature of the clubface, for an
loft. impact point 2.0 cm from the clubface center.

B. Optimum radius of curvature straight, normal to the clubface at the impact point. For radii

. of curvature less than 14.1 cm, the ball will veer further
In order to determine the amount of curvature that needsay from the center of the fairway. For radii of curvature

to be given to the clubface of the reference clubhead, so as igeater than 14.1 cm, the golf ball will curve back toward the
have off-center impacted golf balls ending up stopping in th&senter of the fairway. The optimum radius of curvature for
middle of the fairway, the specific impact point needs to behe reference clubhead model is found to be 21.5 cm for the
selected. An impact point 2.0 cm from the center of the faciyen impact point, as the golf ball ends up coming to rest in
was arbitrarily chosen and although the values which will behe middie of the fairway. For radii of curvature greater than
presented in this paper only apply to this specific impachi 5 c¢m, the golf ball will curve back toward the center of
point, the conclusions arrived at will hold in general. the fairway but will overshoot and land off center. This value
As discussed in Sec. Il there are two opposing effect§yr the optimal radius of curvature which has been deter-
which will determine the direction and magnitude of the tan-ined is in good agreement with current clubhead design
gential velocity component of the clubface at the impaCtpractice. For example, MaltByused a mechanical golfer to
point, v, These were referred to as the angle and geagetermine empirically that the optimal radii of curvature for

effects. The magnitude of each of these effects will depenghe clubfaces of drivers range from approximately 20.3 cm
on the parameters of the golf clubhead, including the curvasg in) to 27.9 cm(11 in).

ture of the clubface, and on the position of the impact point.
For example, consider the reference clubhead with the im-
pact point 2.0 cm from the center of the face. Figure 7 show$: Dependence on clubhead parameters

how v, varies with the radius of curvature of the clubface. General conclusions with regards to the dependence of the
As is showny ; is positive for radii of curvature greater than optimum radius of curvature for the clubface on clubhead

14.1 cm. A positivev ,; corresponds to the gear effect domi- volume, mass, and initial speed can be reached with the
nating. For curvature of radii less than 14.1 arg, is nega-  given clubhead model. First, the volume of the reference
tive and the angle effect will be dominant. The overheadclubhead was varied and the optimum radii of curvature for

view of the resulting golf ball trajectories and runs for the an impact point 2.0 cm from the center of the clubface was

reference clubhead are shown for various radii of curvaturgletermined. The optimum radius of curvature for the given

in Fig. 8. As is shown for a radius of curvature of 14.1 cmimpact point was found to increase with clubhead volume.

the impacted golf ball will not have any sidespin and will fly The result is shown in Fig. 9 with radii of curvature increas-
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Clubhead volume (cc¢)
Fig. 7. The dependence of the tangential velocity component of the club-
face,v,y , on the radius of curvature of the clubfaé®,for an impact point  Fig. 9. The dependence of the optimum radius of curvature on clubhead
2.0 cm from the clubface center. volume for an impact point 2.0 cm from the clubface center.
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Fig. 10. The dependence of the optimum radius of curvature on clubheaffig. 12. The dependence of the loss in drive distance on clubhead volume
mass for an impact point 2.0 cm from the clubface center. for an impact point 2.0 cm from the clubface center.

ing from 18.4 cm for a clubhead volume of 150 cc to 22.6Clubhead speed would result in requiring a smaller radius of
cm for a volume of 300 cc. In genera' it may be Conc|udedcurvature for the clubface. ThIS fO”_OWS from the f_aCt that the
that the radius of curvature of the clubface should increasg'agnitude of the gear effect is directly proportional to the
with increasing clubhead volume. This follows from the factimpact speed of the clubhead. Therefore, with greater side-
that increasing the volume will increase the moment of inerSPin applied to the ball, the clubface would need to be curved
tia of the clubhead which, in general, will result in reducing more, or the radius of curvature would need to be less, in
the angular velocity imparted to the clubhead. This will leadorder to compensate. o
to a reduced gear effect and will therefore result in a reduc- Given that the curvature of the clubface can be optimized
tion of the sidespin imparted to the golf ball. Therefore lessfor a given clubhead volume and mass so as to cause an
compensation for the gear effect is required leading to aff-center impacted golf ball to end up in the middle of the
increased radius of curvature of the clubface or in othef@irway, the question arises as to the benefit of a larger club-
terms a reduced clubface curvature. head. To partially answer this question, the loss in the drive
The effect of increasing the mass of the reference clubdistance needs to be considered. For example, for impacts at
head model on the Optimum radius of curvature was a|S(§he center of the clubface the drive distance will be indepen-
determined. A result similar to that of increasing the volumedent of the volume of the clubhead. However, this is not the
was found. As shown in Fig. 10, optimum radii of curvature, case for off-center impacts. Figure 12 shows the loss in the
for an impact point 2.0 cm from the center of the clubface drive distance for the reference clubhead for impact points
increased from 16.2 cm for a clubhead mass of 150 g to 23.8:0 cm from the clubface center in the case where the club-
cm for a clubhead mass of 300 g. As with increasing theface curvature has been optimized. As shown for a clubhead
volume, increasing the mass results in an increased momeft volume 150 cc, the net loss in the drive distance is 19.5
of inertia, a reduced gear effect, and therefore an increasefis while for a clubhead volume of 300 cc it is only 12.4
Optimum radius of curvature for the clubface. de This dependence IS due to the OP“mUm- radius of curva-
Finally, the effect of initial clubhead speed on the opti- ture of the clubface increasing with increasing volume, re-
mum radius of curvature, for an impact point 2.0 cm fromsulting in the golf ball flying straighter for larger volume
the center of the clubface, was determined. The result i§lubheads.
shown in Fig. 11 with the optimum radius of curvature de-
creasing with increasing clubhead speed, with values dropy|l. CONCLUSION
ping from 29.5 cm for a clubhead speed of 30 m/s to 19.6 cm
at 60 m/s. It would be expected in general that increasing the The impact between the clubhead of a driver and a golf
ball was modeled and the effect of the convex clubface was
determined. It was found that by taking into account the
3000 sidespin imparted to the golf ball and the resulting Magnus
effect, the curved clubface will compensate for the gear ef-
fect for off-center hits. For the reference clubhead model,
with a typical clubhead impact speed of 45 m/s, the optimum
26.00 radius of curvature of the clubface was found to be approxi-
mately 21.5 cm for an impact point 2.0 cm from the center of
the clubface. It was found that increasing the clubhead mass
or volume results in a reduced gear effect and therefore re-
quired an increase in the radius of curvature for the clubface.
It was also found that increasing the impact speed of the
clubhead resulted in an increased gear effect and therefore
sy - - required a decrease in the radius of curvature of the clubface.
T The clubface model used in the analysis allows the club-
o () face to be optimized for only one off-center impact point,
Fig. 11. The dependence of the optimum radius of curvature on impachiamely 2.0 cm in the case of the above results. In general,
speedyp;, for an impact point 2.0 cm from the clubface center. the optimum clubface shape would not be cylindrical and
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