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In this paper, the dynamics of a bouncing ball is described for several common ball types having
different bounce characteristics. Results are presented for a tennis ball, a baseball, a golf ball, a
superball, a steel ball bearing, a plasticene ball, and a silly putty ball. The plasticene ball was studied
as an extreme case of a ball with a low coefficient of restitutinrfact zero, since the collision is
totally inelasti¢ and the silly putty ball was studied because it has unusual elastic properties. The
first three balls were studied because of their significance in the physics of sports. For each ball, a
dynamic hysteresis curve is presented to show how energy is lost during and after the collision. The
measurement technique is quite simple, it is suited for undergraduate laboratory experiments, and it
may provide a useful method to test and approve balls for major sporting events99@merican
Association of Physics Teachers.

[. INTRODUCTION ting the ball compression as a function of applied force for a
complete compression and expansion cycle. However, such
The dynamics of a collision between a ball and anothefmeasurements do not allow for the fact that the dynamic
object can be determined, in principle, from the initial con-pProperties of the ball may differ from its static properties. In
ditions and the functional form of the force acting on thethis paper, dynamic hysteresis curves are presented for sev-
ball. If the collision is elastic, then the forcE, acting on a  €ral different balls bouncing vertically off a piezo element
ball during the collision is given approximately by Hooke’s mounted on a heavy brass rod. The curves were obtained by
law, F=kx, wherex is the ball compression. The collision plotting the displacement of the center of mass, rather than
can then be modeled as one between two springhe the b<_31|| compressic_)n, since it is much easier to measure the
spherical geometry introduces a complication that was firsyelocity of a bouncing ball than to measui@ interprey its
analyzed by Herfzfor a force law of the formF=kx3/2 |f ~ dynamic compression.
the collision is inelastic, then the relevant force law is gen-
era}IIy an unknown funqtior_1 of the propgrties of thel colliding || DyNAMICS OF THE BOUNCE
objects. The force law is, in fact, often irrelevant since most
problems of this type are cast in the form of conservation A rigorous analysis of the bounce of a ball is complicated
equations describing conditions before and after the colliby several factors, one being that in practice, a relatively soft
sion. However, a measurement of the force provides usefidall can easily squash to half its original diameter and also
information on the behavior of the objects during the colli- squash asymmetrically, in which case the relation between
sion, on the duration of the collision and on the elastic propthe compression of the ball and the displacement of its center
erties of the objects. of mass is not easily determined. Another complicating fac-
The collision of a ball always involves some loss of en-tor is that the ball compression versus the applied force re-
ergy. For example, if a ball of mass is dropped from a Ilationship is not only nonlinear but may also vary with fre-
heighth, onto a surface and it rebounds to a height then  quency, in which case a static force versus compression
the loss of energy isng(h;—h,). The energy loss can be curve is not particularly relevant, and dynamic curves for a
expressed in terms of the coefficient of restitutiendefined  spherical object are not readily available, if at all. A simple
in the case of a rigid surface B=v,/v,=+h,/h;, where  €xperiment using a mass on the end of a rubber band is
v, is the incident speed of the ball ang is the rebound described by Papadaki® illustrate the differences between

speed. The coefficient of restitutigltOR) has been mea- the dynamic and static properties of rubber. Even a steel ball

sured for many objects and surfaces, but very little informaan be locally compressed beyond its elastic limit in a rela-

tion is available on the energy loss process itself or on thdVely low-speed collisiorf. Despite these complicating fac-
force acting on a colliding ball. For example, the energy mayfors: the bounce of a ball can be analyzed at an elementary
be dissipated in the ball during the collision as a result of€V€! using a combination of elementary mechanics and ex-
internal friction, or energy may be lost as a result of a perlP€rimental data on the force wave forms. .
manent deformation of the ball or the surface. Alternatively, A Pall dropped vertically onto a surface experiences a ver-
energy may be stored in the ball as a result of its compregical impulsive forceF=m dv/dt, wherev=dy/dt is the
sion and subsequently dissipated after the rebound either ifglocity of its center of mass aryds the displacement of the
internal modes of oscillation or by a slow recovery of thecenter of massk is typically 100-1000 times larger than
ball to its original shape. A review of head-on collisions Mg in which case the gravitational force can be neglected
between solid metal spheres was presented 40 years agodH'ing the impact. For a given or measured force wave form,
this journal by Barne&? Since that time, there have been the ball velocity and theg displacement can be obtained by
many other articles on colliding baffs, but only oné& in- numerical solution of the equatiatfy/dt?= F/m with initial
cluded force wave forms. conditionsy=0 anddy/dt=v, att=0. Regardless of the
The energy loss can be predicted approximately fronball compression and shape of the ball, the work done in
measurements of the static hysteresis curve obtained by plathanging the kinetic energy of the ballfi$ dy and the area
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enclosed by thé= vs y hysteresis loop represents the net

energy loss, 0/(v2—v3). If the bounce surface is perfectly L, >

rigid, the total work done by the forde acting at the bottom

of the ball is zero, since the point of application of the force

remains at rest. NeverthelegsF dy represents the change Ball

in kinetic energy, which is equal and opposite to the change

in potential energy arising from compression of the ball plus

any energy dissipated during the collision. The total energy,

including the energy dissipated, therefore remains constant. Piezo
A simple analysis of the bounce is obtained if one assumes

that the bounce surface is not deformed and remains at rest,

and that the ball compressiax,is given byF = —kx, where 100 mm

k is the spring constant of the ball. If it is also assumed for Brass rod

simplicity that y=x then d?y/dt?=—ky/m, so F

=F, sin(wt), where F, is the amplitude ofF and o? 50 mm

=k/m. It can be deduced that the ball remains in contact i >

with the surface for a timer=7/w, it rebounds with the

same speed as the incident speed and the force wave form is

a half-sine pulse of amplitudé,=mwuv,. For a tennis ball, )

m=0.057 ka andk~2x10* Nm~L aqiving a contact time Fig. 1. The arrangement used to measure the ball speed and force wave
) 9 - . ! g 9 forms. Herel; andL, are horizontal laser beams separated vertically by 10

7~5.3 ms, consistent with observatichBor a steel ball of  mm.

the same masg,is much larger and the contact time is much

shorter. The contact time for a small ball bearing colliding

W'tlh S]SOI'd sur;acli |sttyplcgllya%f%|y hZO—I5:[D:sk 372 displacement as a function of time, and to calibrate the sen-
n the case of a herizian IMpactwherer =KX=, orany  qitity of the piezo. The piezo was found to generate an
other impact involving a force law of the forf=kx", there ot voltage of 1.0 V per 34 N. Other design features and
is also no energy loss s =v;. In practice, it is found that some limitations of this technique are as follows.
v, is always less than, and that thé= vst wave form is not (1) The capacitance of the piezo disk was 3 nF, but it was
perfectly sinusoidal or even symmetrical. A measured forceartificially increased to 5 nF by connedgira 2 nFcapacitor
wave form can be digitized for a numerical analysis or it canin parallel with the disk in order to increase the RC time
be fitted either by a polynomial or by the first few terms of aconstant(of the disk and the 10 K1 probe to 50 ms. The
Fourier series to obtain analytical solutions. Bounce forceforce wave forms are reproduced reliably only if the dis-
wave forms are typically only slightly asymmetrical, so acharge time constant is much longer than the duration of the
reasonable first approximation is to consider just the fundaimpulse.
mental and second harmonic components. This approxima- (2) The length of the brass rod was not sufficient to avoid
tion yields some interesting analytical results, but it does noteflections off the far end of the rod. The transit time of a
provide a good fit to experimental data. Consequently, theulse from the upper surface of the piezo to the lower end of
digitized force wave forms were used to analyze each balihe rod was 3Qus, resulting in a standing wave of period 60

Rubber

separately, and the results are described below. us or frequency 16.7 kHz. This mode was not excited with
any significant amplitude by any of the balls tested since the
Ill. EXPERIMENTAL TECHNIQUES ball contact time was longer than 126 in all cases. As a

result, the frequency spectrum of the impulse did not extend

The force acting on a ball dropped on a solid surface wasignificantly beyond 10 kHz. To avoid reflections off the
measured using a 50 mm diam, 4 mm thick ceramic piezdable and floor, the rod was isolated from the table with a soft
disk bonded with superglue to one end of a 50 mm dianrubber support, as shown in Fig. 1. Simply holding the rod in
brass rod of length 100 mm, as shown in Fig. 1. A ball wasone hand also provided excellent isolation, but the distance
dropped or thrown at low speed directly onto the piezo diskto the laser beams was then not known accurately. In prin-
and the voltage output was measured, on a digital storageple, a much longer rod could have been used to delay the
oscilloscope, using>10 probe connected to light leads sol- reflected pulse, but a rod of length at least 10 m would have
dered to the upper silvered surface of the piezo and to thbeen required to avoid the reflected pulse from a tennis ball.
brass rod. The ball speeds andv,, just before and after A rod of length about 1.5 m is ideal for studying the impact
the impact, were measured by allowing the ball to fallof small steel balls, and it also generates textbook examples
through two horizontal He—Ne laser beams located above thef compressionalnondispersive and transversdstrongly
upper surface of the piezo disk and separated vertically by 1dispersivé wave modes that can be detected with a small
mm, as shown in Fig. 1. The beams were detected with i€zo at one or both ends.
photodiode and the ball velocity was calculated from the (3) A large diameter disk was chosen to avoid saturation
time delays between the photodiode signals and the piezef the force wave form that would occur if the contact area of
signal. A small correction was made to the measured velocithe ball exceeded the area of the disk. Even so, measure-
ties to allow for the gravitational accelerati¢or decelera- ments for a tennis ball were restricted to velocities less than
tion) of the ball after(or before it crossed the two laser 8ms ! since the contact diameter of the ball exceeded 50
beams. mm at ball speeds greater than 8rhsIn the case of a high-

Using the measureB wave form, and the measured val- speed tennis ball, or a large diameter ball such as a basket-
ues ofv,; anduv,, it was then possible to calculate tlye ball, a piezo larger in diameter than 50 mm would be re-
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Table |. Ball parameters.

Ball Mass Diameter v, vy T Ay
Tennis 56.0 gm 64.0 mm 2.95 ms 2.38 ms? 5.75 ms 0.48 mm
Superball 37.4 gm 43.1 mm 3.12 nis 2.33 ms? 3.00 ms 0.17 mm
Golf 45.6 gm 41.5 mm 1.47 m$ 1.24 ms? 0.94 ms 0.03 mm
Baseball 143.6 gm 70.5 mm 1.25 nis 0.61 ms? 2.20 ms 0.16 mm
Steel ball 66.6 gm 25.4 mm 0.77 mis 0.65 ms? 0.13 ms 3.5um
Plasticene 48.7 gm 36.0 mm 1.47 s 0 3.8 ms 0.07 mm

quired. Such piezos are difficult to obtain, but it is relatively compression is larger than the impulse during the expansion,
easy to connect any number of small piezos in parallel bewith the result that the ball rebounds at a speed less than the
tween two metal plates, with the same polarity, and bondeéhcident speed. The plasticene ball did not bounce and re-
by a very thin layer of epoxy. Piezos extracted from inex-mained permanently deformed after the collision. All of the
pensive piezo buzzers would be suitable for this purposehysteresis curves have a finite area, indicating that all colli-
The lower plate should be quite thidd0 mm or mor¢to  sions were inelastic. The golf and superballs have an ap-
avoid transverse oscillations of the structure in the kHzproximately linear compression phase, withy, and a non-
range, and the upper plate should be relatively thin and lighinear expansion phase.

to minimize the force on the piezos induced by low- They displacement wave forms are more closely sinu-
frequency vibrations transmitted from the soft rubber supporsoidal than the force wave forms, at least during the com-
to the upper plate. A suitable plate can be made from doublepression phase. In all cases it was found that the ball re-
sided circuit board, using the upper side as a groundefounds in a compressed state sigecemains finite at the end
shield. Such a system has been constructed by the author ¢ the impact. This was confirmed for the tennis and super-
measure high-speed tennis ball impacts, and the results wilfalls by aligning the bearh,, as shown in Fig. 1, so that it

be presented elsewhere. _ grazed the top of the ball when the ball was at rest on the
(4) The combined mass of the piezo and brass rod, 1.8 kg,

was much larger than that of any of the balls tested, so the
energy transferred to the rod was much smaller than the ir
cident energy of the ball. The momentum transfer was no 190
entirely negligible, with the result that part of tgalisplace- ] I
ment observed at the end of the impact could be attributed t , | Yoom o |
motion of the brass rod during the impact. The velocity of o F/ oy 1 r
the rod after the collision is given by=m(v,+v,)/M, sor 1 or 12
wherem is the ball mass ant1=1.8 kg is the rod mass.
Since the average speed of the rod during the collision i
approximatelyV/2, the displacement in time is approxi-
mately Ay=m(v,+uv,)7/(2M).
shown in the last column of Table I. For the baseball, tennis
ball, and steel ball, motion of the rod accounted for about 40 —————————————1 400 ——————————
half of the finaly displacement, and it also accounted for L (¢) Golf ball 1 - v\ (d) Baseball 1
about 5% of the energy lost by these balls. The results pre F L 1y (f“ - 1 o)
sented below were not corrected for this effect, in part be. ™ | F mm) T ]
cause of the unknown effect of the rubber support in restrict 200 |- 405 200

ing motion of the rod. The displacement of the rod is - y ] -
significant only toward the end of the impact, and the area o u ] »
the hysteresis loop is increased by only a few % as a resul - I
More precise measurements could be obtained either by u °
ing a heavier rod, or by suspending the rod horizontally tc
allow for free motion of the rod during the collision. In the
latter case, an appropriate correction based on the measur 2
force wave form could then be made for displacement of the
rod.
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IV. EXPERIMENTAL RESULTS 1%°

Results for the seven balls tested are given in Figs. 2—¢
and further details are given in Table I. The force wave
forms are all of a similar general form, being an approximate
half-sine wave form, but asymmetrical in time. For most of
the balls, the maximum force is recorded at a time close to
0.57, wherer is the duration of the Impact, 'nd|catmg that the Fig. 2. F andy vs time for six different balls, together with the correspond-

experimental compression and expansion phases are of afg F vs y dynamic hysteresis curves, wheyes the displacement of the
proximately equal duration. However, the impulse during thecenter of mass. The ball speeds are listed in Table I.

Fvsy F

o Py AP N B N Y
0 50 100 150 200 o 1t 2 3 4

t {us) or 4y (um) t (ms) or y {mm)
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Fig. 3. The force wave forn), and the laser beam signdls, (c), (d) for 0-— TN 0" 3

a tennis ball when the lower beahy just grazes the top of the ball, as 0 0.5 1 15 2 2.5 3 0o 1 2 3 4 5
shown in Fig. 1L, is unblocked during the impact and for 0.4 ms after the X (mmy) X (mm)

impact. Traceb) is an expanded version of tra¢e).
Fig. 5. Static hysteresis curves for four different balls showing the applied
force F versus the compressior, when the ball is compressed and then
decompressed between parallel metal plates.

piezo. The results for the tennis ball are shown in Fig. 3,
where it can be seen that the beam is blocked just prior to th
impact, it is unblocked during the impact, and remains un ; ; :
blocked for about 0.5 ms after the impact. The spatial reso}—)eeme\é\g‘ca igﬁdﬁ h(;lr(]jdlt(jsr(;:halirr]ge()f;){hibg;T 20 min, despite
lution was not sufficient to observe this effect with the other " 9 Pping '
balls, since the ball compression was too small.

A totally unexpected result was obtained with the silly V. COMPARISON OF STATIC AND DYNAMIC
putty ball. Silly putty has the property that it stretches easilyHYSTERESIS CURVES
when stretched slowly, it breaks when stretched quickly and . .
bounces when dropped on a surface. When the silly putty Four pf the balls were measu_red unqler static load condi-
ball was dropped on the piezo, it was discovered, with som&°ns using commercial test equipment in the Faculty of En-
initial astonishment, that the piezo generated a negative ouflin€ering at Sydney University. The results are shown in Fig.
put signal commencing about 30 ms before the ball made- Each ball was compressed between parallel steel plates at
contact with the piezo, as shown in Fig. 4. No other ball had® Uniform rate over a period of one minute, held at this
this effect, and the effect was observed only with a freshlyc@mpression for one minute and then allowed to expand at a
prepared silly putty ball, created by stretching the putty and/niform rate, over a period of one minute, back to its original
rolling it into a ball. The effect was traced to electrostatic ShaPe. The break in the curve at maximum compression is
charging of the ball to about 1 kV when it was stretched. Thedu,e to relaxation of internal stress in the .baII during the one
effect was simulated by charging a plastic rod and moving ifMinuteé pause between the compression and expansion
toward or away from the piezo. The capacitance between theycles. The static and dynamic hysteresis curves cannot be

ball and the piezo was only a few pF, but this was sufficiencompared directly sincs) the dynamic curve is plotted as a
function of they displacement of the center of mass, and the

static curve is plotted as a function of the ball compression,
x; and(b) both sides of the ball were compressed equally in
the static test, whereas only the contact side of the ball is
compressed in a dynamic bounce. If it is assumed that
=x/2 for a static compression and that x for a dynamic
compression then the dynamic and static curves yield similar
values for the effective spring constant F/y at maximum
compression. Alternatively, the dynamic value Bfx at
Ly ‘ ’ maximum compression is about twice that of the static value.
The area enclosed by a static hysteresis curve is less than
that of the corresponding dynamic curve for the same com-
pression. This is particularly evident for the superball, where
Time (ms) the energy loss is almost negligible during a static compres-
Fig. 4. The force wave form observed with a silly putty ball, and lthe sion a-'nd expansmn. The effect I$ less pronqunced for a base-
Iager beam signal observed when is located 11yn?m Zbove the gjilezo ball .Smce the static and dynamlc hySt.ereSIS losses are .bOth
surface. The ball had a mass of 12.9 gm and a diameter of 29 mm. The bd"alatlvely Iarge' The SUperba” tested did not bounce particu-

blocks the beam 5 ms before it hits the piezo and unblocks the beam 7 nf@rly well, a result that could possibly be attributed to micro-
after it leaves the surface. scopic cracks in the ball. Old superballs, with visible cracks

fo generate a voltage of about 0.2 V across the piezo. The

Silly putty ball

Piezo

] ! 1 1 ]
-20 -10 0 10 20
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in their surface, bounce even worse. The dynamic tennis ball
results are unusual in that the ball is much stiffer during the
initial impact than at later times, resulting in a pronounced (@)
kink in the force wave form and in the dynamic hysteresis
curve. The kink was also observed with other tennis balls,
old and new, pressurized and unpressurized.

Brody? has also measured the static hysteresis curve for a (k)
tennis ball, using a hemispherical cap to avoid static com-

. . o Tennis ball
pression of the upper surface. His results are qualitatively vibrations
similar to those shown in Fig.(& and indicate that the ball
tested by Brody was slightly stiffer and probably newer. The

. : , (c)
tennis ball used throughout this experiment was an old, rela-
tively soft ball. The static hysteresis curve shown by Brody,
as well as the static curve shown in Figa} both enclose an T s o
area that is only about 50% of the actual energy loss when a Time (ms)

tennis ball bounces off a rigid surface. The dynamic curves
in Fig. 3 account for 100% of the energy loss since yhe Fig. 6. Results for a tennis ball showirg the output of the 50 mm diam
displacement has been calibrated from measuremenis of piezo,(b) the output of a small pieztat 50 mV/diy mounted on the ball at
andv,. Part of the discrepancy between the actual loss an@ Point 30° away from the contact point, afgj the output of the small
the loss estimated from the static curves can be attributed §°*° i?;nﬁ()thrz\ggxagougﬁd on the top of the ball, i.e., at a point 180°
the increased initial stiffness of the ball during an actual Y point

bounce. Part of the discrepancy is also due to losses in the

cloth cover. It is known that the cloth cover on a tennis ba"FIement, but there is a delay of about 0.4 ms between the two

contributes significantly to the energy loss, since a rubbe : :
ball without a cloth cover bounces better than one with & 2ve forms. The pulse decreases in amplitude and changes

cloth cover. The effect of the cloth would not be apparent inshape as the location of the element is rotated away from the

a static compression test if the cloth recovers elastically fronpOttom of the ball toward the top of the ball. The top of the

; : ; ._Rall is only slightly effected by the compression and expan-
gfct?gerrﬁszgngusr;ml ;?eréle:;égg;ng%gar'iggctgﬁq;erltypgg_ogion of the bottom of the ball, but there is a small-amplitude

: : oscillation at~700 Hz. The oscillations are global in extent
Ezﬁﬁﬁgvmo?;ﬁgr’ since paper unfolds very slowly afterand persist for about 2 ms after the ball rebounds. The 0.4 ms

The increased stiffness of rubber for a high-speed Com(_jelay observed between the large and small piezo signals is

pression can be modeled approximately by the relatiofotdMy consistené \avithb tne fact that t_hed infitial _iﬁnpulsef
© . . : ropagates around the ball to give a period of oscillation o
m dPy/dt?= —ky— ydy/dt, wherek is the effective spring "

dv/dt i locitv-d dent f ~1.5 ms. The delay also coincides with the transition from a
constant andy dy/dt is a velocity-dependent force term re- pion 14 4 jow stiffness state, indicating that the ball surface

lated to the viscosity of the rubb&f? Such a model results may deform into a bending mode when the impulse propa-
in a hysteresis curve of finite area since the model equatiofates to a point about 30° from the bottom of the ball. Since
describes damped harmonic motion. The hysteresis curve ?He ball is hollow, it bends more easily than a solid ball, and
this case commences wifh=0 andF=—yv, att=0. The it js much easier to bend rubber than to compress it.

model hysteresis curve bears a resemblance to the tennis ballthe amplitude of the oscillation shown in Figchis rela-
data, for an appropriate choice ¢f but it does not give a tjvely small when measured in terms of the displacement of
good fit and is not relevant to any of the other balls. There ighe pall surface. The induced voltage in the piezo is propor-
no evidence of any velocity-dependent force acting on any ofional to the displacement of the surface, but it is also pro-
the other balls, sincE=0 att=0 for all of the balls. Con- portiona] to the square of the frequency_ Given that the
sequently, the energy loss in all cases appears to be due taseored energy in the ball is proportional to the compression
time-dependent relaxation of the internal stresses in the balsquared and that the piezo output is proportional to the ap-
Such an effect is referred to simply as an “elastic afteref-plied force and hence to the second derivative of its displace-
fect” in the rheology literaturé® The effect is complicated ment, it is clear that the 700 Hz signal represents a relatively
by the fact that a spectrum of different time constants issmall-amplitude, low-energy oscillation. An absolute value
usually required to describe the relaxation. In the case of théor the energy stored in the oscillation was not obtained,
steel ball, losses in the ceramic piezo and the brass rod majince the piezo was not calibrated and since it responds to

account for almost all of the energy loss. bending as well as to a force perpendicular to the surface.
Even at high impact speeds, ball vibrations do not store a
VI. BALL VIBRATIONS large amount of energy after the rebound. High-speed video

film of a ball impacting with concrete at 100 mph has re-
An estimate of the losses due to vibrations induced in theeently been obtained by the International Tennis Federation.
tennis ball was obtained by gluing a small (4ra#mm) The film was recorded at 18 000 frames/s and shows the ball
piezoelectric ceramic element, of thickness 0.3 mm, onto @scillations clearly. Several frames from this video are
tennis ball and measuring the induced voltage by means afhown schematically in Fig. 7. The video image is consistent
light wires soldered onto the element. Results are shown iwith the results in Fig. 6 and shows that when the ball com-
Fig. 6 for a case where the ball was dropped from a height opresses to about half its original diameter, the surface oppo-
10 cm onto the 50 mm diam piezo. When the small piezcsite the contact surface oscillates with an amplitude of about
element is located near the bottom of the ball, the force wavé& cm during the impact and at lower amplitude for several
form observed is similar to that observed with the large piezans after the ball rebounds.
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VIIl. DISCUSSION
In this paper, dynamic hysteresis curves have been pre-

sented for a number of common ball types bouncing off a
heavy brass rod. The results indicate that all balls studied
(apart from the plasticene baltebound in a slightly com-

pressed state, but the major energy loss occurs during the

Fig. 7. Cross section of a tennis ball during a 100 mph collision with a.bounce rather than after the bounce. The SIUdy was "m't?d to

concrete slab. The ball impactstat 0 and rebounds at-4 ms. Impacts a_t low ball speeds off a f_lat surface. _The teChmque
could easily be extended to study impacts at higher speeds or
to study other balls. Such a study would be particularly use-

VIl. EEEECTS OF BALL SPEED ];L;)lol?tsrﬁgard to the testing and approval of balls used in ball

It is well known that the coefficient of restitution de-  The current rules regarding tennis balls are quite specific
creases, the impulsive force increases, and the ball contat@garding static compression tests, although the specified
time decreases as the ball speed increases. The Hefgluipment to be used is relatively ancient and somewhat
mode?® for colliding solid spheres indicates tha, OPerator dependent. There are no rules at all regarding the
(vy)*2 and 7 (v,) %2 whereF, is the force amplitude static compression of a golf ball or a baseball. In regard to
and 7 is the duration of the impact. These relations weredynamic tests, a tennis ball must have a COR of 0.745
checked for the superball and the tennis ball, colliding with® 2-3% when dropped from a height of 100 in. onto a con-
the 50 mm piezo disk/brass rod structure, for incident balCrete slab. There are no rules regarding the COR of a tennis
speeds in the range 1-8ms For the superball, it was Dall in a high-speed collision. Surprisingly, there are no of-
found thatFoxv? and 7™, wheren=1.15+0.05 andm ficial rules at all concerning the COR of a baseball. The

— _0.22+0.01. For the tennis ball, it was found that dynamic rule for a golf ball is that it must not travel faster

than 250 ft(76.2 m per second when hit by apparatus speci-
=1.10-0.05 andm=—0.07x0.01. The superball therefore fieq in the rules. Particularly in the case of tennis balls,

behaves in a manner that is close to Hertzian, but the tennighere a wide range of pressurized and unpressurized balls
ball behaved more like a simple spring whétg<v, and7is  are manufactured to meet current specifications, it is ob-
independent ob,. The force law for a golf ball has been served that different balls can behave quite differently under
measured by Jonésyho found that a golf ball is close to actual playing conditions. The techniques described in this
Hertzian over a wide range of ball speeds up to 80'ms paper would provide a useful method of distinguishing and
The static force law for a superball was checked by plot-understanding these differences.
ting the static compression curve in Figbbon a log—log
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