The sweet spot of a baseball bat
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The sweet spot of a baseball bat, like that of a tennis racket, can be defined either in terms of a
vibration node or a centre of percussion. In order to determine how each of the sweet spots
influences the “feel” of the bat, measurements were made of the impact forces transmitted to the
hands. Measurements of the bat velocity, and results for a freely suspended bat, were also obtained
in order to assist in the interpretation of the force waveforms. The results show that both sweet spots
contribute to the formation of a sweet spot zone where the impact forces on the hands are
minimised. The free bat results are also of interest since they provided particularly elegant examples
of wave excitation and propagation, suitable for a student demonstration or experimensg ©
American Association of Physics Teachers.

[. INTRODUCTION amplitudes that increase as the distance from the respective
nodes increases. Consequently, the vibrations felt by the
Given the popularity of basebaland the natural curiosity hand are minimised for impacts between about 13 and 17 cm
of physicists to understand collision phenomena, it is surprisfrom the end of the barrel, as indicated by the “sweet vibra-
ing that very few measurements have ever been made on thiens” zone in Fig. 1. The vibration modes of a hand-held
behaviour of a baseball bat when it impacts with a ball. Inbat are similar to those of a free bat, but the hands have a
this paper, measurements are presentetipthe bat veloc-  strong damping effect, with the result that all vibrations are
ity and (b) the impact forces transmitted to the hands, as alamped within one or two cycles.
result of the collision between a baseball bat and ball. The The centre of percussiof€OP) is not a unique point on
primary objective was to examine the nature of the sweethe barrel since it is defined in terms of a conjugate point in
spot on a baseball bat. The sweet spot is an impact point, ahe handl€"®’ Each point in the handle is associated with a
a narrow impact zone, where the shock of the impact, felt byjifferent COP in the barrel. When a ball strikes a freely
the hands, is reduced to such an extent that the batter iuspended bat, the bat will translate in the direction of the
almost unaware of the collision. At other impact points, theincident ball and it will also rotate about the centre of mass.
impact may be felt as a painful sting or jarring of the hands,The combined effects of translation and rotation result in a
particularly if the impact occurs at a point well removed shift of the actual axis of rotation, away from the centre of
from the sweet spot. It has been propds#tht two such mass toward the handle. The axis passes through the conju-
spots exist, one corresponding to a vibration node and thgate point for that particular impact. ifis the distance from
other corresponding to the centre of percussion. However, #he impact point to the centre of mass, ani the distance
appears that no direct measurements have previously begR, the centre of mass to the conjugate point, then

made to determine which of the two spots is the more Sig'zlcm/(Mb) wherel ., is the moment of inertia of the bat

nificant or whether the sweet spot is perhaps an impact zon% out its centre of mass amd is the mass of the bat. Con-

encompassing both sweet spots. The two proposed swe . oo .
spots are typically only a few centimeters apart, so it is notsgﬂjliggg’ ;)foit;]te gﬁé Iisf ?A\émsgll ast;zlli}esar;hzxf,o:rergggg dmg
an easy task to separately identify the two spots in terms o OP, then there is no reaction force at the pivot point. It is

differences in the qualitative feel of the impd&ct. X

The vibration modes of a baseball bat are easil hereforg reasonable to_expect that every point “”def the
determined® at least for a freely suspended Hatg., one hands v_v|II have its own COP qnd that an impact at any given
that is suspended by a light stringhe fundamental mode of COP will generate zero reaction force at the corresponding
a wood bat has a node located typically about 17 cm fronfOMjugate point under the hands. Brancidias suggested
each end and a frequency typically of about 170 Hz. Th hat the sweet spot zone might therefore encompass all cor-
next mode has a frequency of about 530 Hz, with a nodd€SPonding COP points along the barrel. There is, however,
located about 5 cm from the centre of the bé\t toward then uncertainty in this argument since a hand-held bat is not
handle, another node about 13 cm from the barrel end, and €Y suspended, nor is it pivoted about a single axis, and
third nbde about 7 cm from the handle end. The sécon{inay behave differently as a result of the reaction forces ex-
mode is easily excited since the impact duration is about 1.5"€d Py the two hands. Furthermore, the axis of rotation may
even shift as a function of time since the ball remains in

_Ir[‘hSe :‘?elzjgl?g]g/aégggt?umeo? ?Hép?;lgglg tt_}f;tlef_ziencg wa\%?detontact with the bat for about 1.5 ms, the transmission time

form) peaks at zero frequency and extends beyond the frle the pulse from the impact point to the hands is about 1 ms,

quency of the second mode. However, higher frequencg;d the impact forces on the hands last for about 20 ms as a

modes are excited with much smaller amplitude than the firs esult of the induced vibrations and the induced motion of

and second modes. An impact at the node of the fundament e bat.

mode wi!l gxcite the_second mode, but not the fundamentalll_ EXPERIMENTAL PROCEDURE

mode. Similarly, an impact at the node of the second mode

will excite the fundamental mode, but not the second mode. Measurements of the force of the bat on the hands, and
An impact at any other location will excite both modes with measurements of bat vibrations at other locations on the bat,
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Fig. 1. The fundamental and second vibration modes of a baseball bat. Fig. 2. Vibrations induced in a freely suspended bat when a baseball im-

pacts at distancd=5 cm from the end of the barrel. The waveforms show
the outputs of three piezo disks locat@yl 5 cm from the end of the barrel,

(b) 6 cm from the end of the handle, arid) 16 cm from the end of the
handle. All three piezos were mounted in line on the same side of the bat,

were made using two identical piezoelectric ceramic diskslirectly opposite the impact point. The vertical amplitude of trégeis
taped onto the outer surface of the bat handle. The disks weféduced by a factor of 5 compared with tra¢bsand (c).
9 mm in diameter, about 0.3 mm thick, and were extracted

from miniature, inexpensive piezo buzzers. The disks had a . he h h icall
mass of only 1.8 g each, and therefore had a negligible effed@Pidly compressed by the hands, the output was typically

on the behaviour of the bat. Buzzers commonly availablé‘rrl;qbsou" 2V, decreasing exponentially to zero after about 200
from electronics shops or in musical greeting cards contain - .
piezo disks 20 mm in diameter and are a bit too large to be 1he bat chosen was a Louisville Slugger model R161
attached to the handle, but could be used if they are firs/00d bat of length 84 cn33 in,) with a barrel diameter of
sawn or cut to a smaller size. A flat surface was filed a6.67 cm (23 in.) and massV =0.885 kg(31 02. The centre
various positions along the bat in order to tape the disk®f mass of the bat was located 27.6 cm from the barrel end of
firmly onto the bat. The disks were electrically connected tothe bat. The bat was held horizontally by two hands firmly
10-MQ} oscilloscope probes via very light connecting leadsgripping the handle in the usual right-handed fashion, with
taped to the bat close to the disks to avoid any spurioughe left hand closest to the end of the handle. The hands were
response due to independent motion of the leads. The outpstectrically insulated from the piezo disks by means of the
from a piezo element is directly proportional to the appliedclear adhesive tape used to attach the disks to the handle.
force and was typically about 0.5 V in amplitude in the ex-The ball was suspended la 1 mlength of string so that it
periments described below. The polarity was chosen so thaiould be struck accurately at predetermined positions on the
both piezo elements gave a positive output when combat, but it was not struck with the usual vigour normally
pressed. The signals were recorded on a digital storage oassociated with the game of baseball. In fact, it was struck at
cilloscope which was dc coupled to monitor both the dc andrery low speed but with sufficient force so that the impulsive
ac components of the waveforms, and which was triggerefbrces arising from the collision were clearly identifiable.
about 2 ms before the impact of the ball on the bat. One might suspect that such an experiment is too far re-

Qualitatively similar results were obtained when the piezomoved from reality to be of any value, but the only nonlinear
disks were bonded to the bat with super-glue. However, theffect that is likely to contribute to differences in a high
output of bonded disks was found to be larger, by a factor okpeed collision is that the coefficient of restitution varies
about 4 due to a significant response to bending of the diskslightly with ball speed. Quantitative resultsther than the
The bending respondegommon to all piezo materiglsvas  magnitude of the forgemight therefore be slightly different
detected by dropping a super ball directly on the piezo, givin a high speed collision, but the essential physics was found
ing a positive output. When a ball was dropped on the oppoto be independent of ball speed, as described below. Further-
site side of the bat, the piezo output was negative, due to thenore, the physics is also independent of the reference frame,
opposite curvature of the bat. However, when the disks wereas verified by the fact that identical results were obtained
simply taped to the bat, the response remained positive whefwithin experimental errorregardless of whether the ball
the ball was dropped either directly on the piezo disk or on avas swinging and the bat was stationary, the bat was swing-
point diametrically opposite the disk. Since the object of theing and the ball was stationary, or the bat was swung to
experiment was to detect the force acting normal to the diskstrike the moving ball.
and not the bending moment of the bat, all results presented
in this paper were obtained by taping the disks to the bat. ||| FREE BAT VIBRATIONS

Piezo disks behave electrically as a capacitor with an in-
duced charge proportional to the applied force. The response Experimental results obtained with a hand-held bat are not
is also determined by the rate at which the capacitor diseasily interpreted without reference to the behaviour of a
charges through the high impedance probes. The time coffreely suspended bat. Figures 2—4 show the vibrations in-
stant was approximately 50 ms and was determined by loadiuced in the handle of a bat, suspended verticafiyald m
ing the piezo disks suddenly and observing the exponentidéngth of string tied to the handle, when a baseball impacted
decay of the output. Similarly, when the piezo disks werenear the end of the barréFig. 2) or near the sweet spots
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0 10 20 Fig. 5. Response of a piezo, 6 cm from the end of the handle, when the bat
time (ms) is freely suspended and a ball bearing impacts at a point diametrically op-
posite the piezo disk.
Fig. 3. Vibrations of a freely suspended bat when a baseball impacts at
=13 cm. The waveforms show the outputs of two piezo disks locate@
cm and(b) 16 cm from the end of the handle, as indicated schematically inmental mode propagates at a lower speed since the phase
Fig. 2. velocity of a transverse wave on a beam decreases as the
frequency decreases. Qualitatively, this is because a beam is
stiffer at short wavelengths.
(Figs. 3 and 4 Tests with other lengths of string confirmed  The effect of an impact at the node of the second mode, at
that a 1 mlength of string provided a negligible restoring a distanced=13 cm from the end of the barrel, is shown in
force on the handle and did not interfere Significantly with F|g 3. Since the second mode is not excited and the mea-
free rotation of the bat about its centre of mass, at leas§yrement in Fig. ®) was made at the node of the fundamen-
during the 20-ms period of interest following the collision. tal mode, a weakly excited third mode can be observed. Fig-
Also shown in Fig. 2 is the response of the bat at a poinjyre 4 shows the response for an impact at the node of the
on the barrel directly opposite the impact point. The fundafundamental mode. In this case, only very small amplitude
mental mode has a frequency of 167 ¢geriod 6.0 mswith  viprations are measured in the handle at the node of the

nodes 17 cm from the barrel end of the bat and 16 cm fronsecond mode, but a strong second mode is observed at other
the handle end, while the second mode has a frequency @ositions in the handlge.g., Fig. 4b)].

530 Hz (period 1.89 mpswith nodes 13 cm from the barrel
end and 7 cm from the handle end. The central node of th@, |MPULSE PROPAGATION
second mode was located 47 cm from the barrel end and 37
cm from the handle end, neither in the middle of the bat nor When a ball strikes a baseball bat held firmly by the
at the centre of mass, as it would be for a uniform, cylindri-hands, the bat transfers vibrational energy to the hands, and
cal bat. All the handle waveforms in Figs. 2—4 are displayedhe hands exert an impulsive reaction force on the handle.
and were recorded using the same vertical sensiti(y  This force is usually neglected when modelling the dynamics
mV/div) at the oscilloscope. of the collision, since it is usually assumed that the ball will
These results show clearly the dominance of the first anteave the bat before the impulse is transmitted to the
second modes in the bat response and also show clearly thands>>® Adair'® estimated that the impulse would take
locations of the nodes for these two modes. For example, iabout 8 ms to propagate from the impact point to the hands
Fig. 2(c), the first mode is absent since there is a node at thand back to the impact point. In fact, the measurements pre-
measurement point, while in Fig(l9, the second mode is sented in Fig. 2 show that the impulger at least the high
small in amplitude since the node of this mode is close to thérequency componentsrrives at the hands before the ball
measurement point. Both modes are observed, in i), 2 leaves the bat.
with roughly equal amplitudes near the end of the barrel. The This is shown even more clearly in Fig. 5 where a 12-mm-
initial response near the impact point is approximately a halfdiam ball bearing was thrown at a freely suspended bat to
sine waveform of duration about 1.5 ms, representing thémpact at a point 6 cm from the end of the handle, diametri-
force of the ball on the bat. The impulse propagates from the€ally opposite a piezo bonded to the handle. The pulse width
impact point to the handle in about 0.6 ms, as indicated byn this case was 0.2 ms, and the pulse took 1.3 ms to travel to
the time delay between wavefornia) and (c). The funda- the end of the bat and back to the handle. Dispersion of the
pulse is seen after both the first and second reflections off the
end of the bat, indicating that the low frequency components

d =17 cm travel at a slightly lower speed than the high frequency com-
. ponents. Vibration modes are not observed in Fig. 5, at least
IV .U during the first 5 ms, since the pulse width is only 0.2 ms and

since the highest frequency components observed take at
least 1 ms for the round trip to the end of the bat and back.
b The low frequency components of the pulse are relatively
small in amplitude and are therefore not clearly apparent in
16 cm Fig. 5. By contrast, low frequency oscillations are clearly
| observed in Figs. 2—4, almost from the start. When the initial
0 10 20 pulse duration is about 1.5 ms, as in Figs. 2—4, the low
frequency components are relatively large in amplitude and
the leading edge of the reflected pulse catches up with the
Fig. 4. Vibrations of a freely suspended bat when a baseball impadts at trailing end of the initial pulse after a delay of about 1.5 ms.
=17 cm. The waveforms show the outputs of two piezo disks |Odma Consequently, there IS then no Clearly dISCemIb|e effECt Of
cm and(b) 16 cm from the end of the handle. pulse propagation along the bat, as is the case in Fig. 5.

time (ms)
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Fig. 6. Handle velocity waveforms at positio® 30 cm,(b) 16 cm,(c) 7

e A e s i o e iy 25 an aid  nerpretation of the hanc:-hed bat resuts
same side of the bat, diametrically opposite the impact side. The verticalpl.“lt are of CQHSIderable mtere.St m. themselves. There is a
sensitivity of all traces is the same. slight _droop in th_e waveforms in Figs. 6 and 7, due to th_e
short integration time constant, but the waveforms are easily
interpreted. The ac component represents the handle velocity
éesulting from vibrations in the handle, and the dc compo-

Given that the impulse propagates to the hand in a tim ; .
that is an order of magnitude shorter than previously preDem represents the combined effects of translation and rota-

dicted, one might suspect that the results in Fig. 5 Coulign of the bat handle. An impact near the end of the barrel

represent an acoustic mode rather than a transverse waff% ) Py ©IRAC B0 B0 85 D NS TS
However, the speed of sound in wood is about 4000%ns !

hich would give a pulse delav of onlv 0.21 ms from the deflects toward the incident ball, the end of the handle hav-
which would give a pu Y y U.aLr ; ing a higher dc velocity than points closer to the axis of
barrel to the handle, or 0.42 ms for the round trip. This delayrotation For an impact at=25 cm(Fig. 7), near the centre

was confirmed by dropping a 6-mm-diam ball bearing onto . I
an end face to excite a compressional wave that was detect (gmass of the_ bat, the axis of rotation is beyond the Qnd of
e handle, with the result that the handle deflects in the

by a piezo on the opposite face at the other end of the bat, directi the incident ball
The acoustic mode is also excited by the usual impact of game direction as he incident balfl. .
Measurements such as those in Fig. 6, at the point 16 cm

ball on the side of the bat, but it is not detected by a piez
mounted anyunere along the handle since the mode hef™ 6,67 o e hande show hat the do component of
Egzpagates primarily across the barrel rather than along theither side of a point 13 cm from the end of the barrel, and is
' zero for an impact 13 cm from the end of the bafhath the
amplitude and the time integral of the waveform in Fig)3
V. HANDLE VELOCITY OF A FREE BAT are essentially zeto Consequently, the node of the funda-
o mental mode, 16 cm from the handle end of the bat, is a
The results in Figs. 2—4 do not show clearly the zero freconjugate point with a COP close to or coinciding with the
quency response of the bat resulting from translation an@ode of the second mode at the barrel end of the bat. Simi-
rotation. A much clearer picture of the zero frequency re-arly, it can be seen from Fig.(d that the conjugate point,
sponse emerges when the piezo signals are integrated usingg an impact ad=17 cm, is located 7 cm from the end of
simple RC integrator connected to the output of t&0  the handle. The node of the second mode, at the handle end
probe. A piezo disk attached to the bat acts as a simplgf the bat, is therefore a conjugate point with a COP coin-
accelerometer, provided the hands are not in contact with thgiding with the node of the fundamental mode at the barrel
disk. The net force acting on the disk is thes-ma, where  end of the bat.
m is the mass of the disk aralis the common acceleration ~ The main conclusions from these free bat measurements
of the bat and the disk. Consequently, the time integral of thare that(a) an impulse arrives at the hand before the ball
piezo output yields a measurement of the local bat velocityeaves the baib) the velocity of the bat handle arising from
resulting from the combined effects of translation, rotation,vibrations in the handle is comparable with the velocity due
and vibration. Absolute values of the handle velocity wereto translation and rotation of the bdt) there are two node
not calibrated since the only measurements of interest wengoints in the handle where the vibrational velocity is essen-
the velocity waveforms and the relative velocities at differenttially zero for impacts at appropriate node points in the bar-
points along the handle. rel, and(d) both of the nodes in the handle happen, either by
Simultaneous measurements of the handle velocity at sew remarkable coincidence or by design, to be conjugate
eral different locations, for a freely suspended bat, are showpoints for impacts on the barrel at the node of the other
in Figs. 6 and 7, using integrators with an RC time constaniode. The shape of the bat is responsible for this coinci-
of 22 ms(R=1 M, C=22nB. The results are presented dence. For a uniform cylindrical bat of length the nodes of
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0 10 20 0 10 20 for a han(j_—hgld bat when a base_ball impactd at cm. Bo_th piezos were
mounted in line on the same side of the bat, diametrically opposite the

d (cm) d (cm) impact side. The vertical sensitivity of all traces in Figs. 9—-11 is the same.

Fig. 8. Location,h, of the conjugate point as a function of the impact

distance,d, for two different bats, each of ma$s=0.885 kg and length . .
L=0.84m.h is the distance of the conjugate point from the end of the handle velocity. Alternatively, the waveforms can be taken

handle andd is defined in Fig. 1. The theoretical curve i) is for a  tO represent the handle velocity following a collision with a
uniform, cylindrical bat withl .,,=0.052 kg nf and the curve ifb) is forthe ~ bat that is initially at rest.
bat used in this experiment, witl,=0.045 kg . The four squares ifg) The main features of the results in Figs. 9—11 are as fol-
correspond to the four vibration nodes, two in the barrel and two in the|gyys.
e e o s o g (D ThE handle vbrations are very strongly damped by the
coniugate Eoints e handle. Rands, to the extent that they are barely recognisable. The
damping is less severe if the grip is not as firm or if the bat
is held by only one hand
(2) The handle velocity, as well as the vibration amplitude,

the fundamental mode are located at a distancelOf@#m is smallest for impacts in the sweet spot zone near the impact
each end, and the nodes of the second mode are located ap@int d=15 cm. For such an impact, the axis of rotation of
distance 0.14 from each end! For an impact at a node of the bat lies under the hands, for both free and hand-held bats.
the fundamental mode, the conjugate point is located a dis- (3) For impacts outside the sweet spot zone, it is more
tance 0.20 from the handle end, close to the other funda-difficult to interpret the handle motion since the rotational
mental node. For an impact at a node of the second mode@nd vibrational components of the motion are similar in mag-
the conjugate point is located a distance Q.2Ffom the nitude. As a result, both ends of the bat can move in the same
handle end, as shown in Fig(@, nowhere near either of the direction while the middle of the bat moves in the opposite
handle nodes. direction. The local, instantaneous direction of rotation at

For a real bat, there are two impact points on the barrepne end of the bat can therefore be opposite the local direc-
that give rise to a corresponding point under the hands wheréon of rotation at the other end. For example, in Fig. 9, the
the velocity due to rotation and translation, as well as théhandle rotates locally about an axis through the hands, since
vibrational velocity, is essentially zero. These two points arehe two points on either side of the hands move with approxi-
plotted in Fig. 8b), which shows the theoretical location of mately equal but opposite velocities. For the first 2 ms, the

the conjugate point as a function of the impact distance fronfiandle rotates locally in the opposite direction to the rest of
the end of the barrel wher,,=0.045kgnd and M the bat, but the handle motion subsequently reverses to rotate

=0.885 kg, corresponding to the measured parameters fdpcally in the same sense as the rest of the bat.

the bat used in this study.One of the two points does not _ FOr times greater than 10 ms after the impact, Fig) 9

lie exactly on the theoretical curve, indicating that there isSNOWS @ constant, positive velocity and Figb)9shows a

not an exact coincidence of the node with a conjugate poim\{elocity close to zero. During this period, the bat rotates as a

It would be interesting to measure and possibly optimise th&l9id body with negligible vibrational motion and with an
locations of these points for other bat shapes. axis of rotation near the bottom of the left hand. Prior to this

period, it is not easy to distinguish the rotational from the
vibrational components of the motion. However, the most
likely interpretation is that the initial response of the handle
is dominated by the elastic response due to vibration modes,

An extensive series of measurements was made to exam-
ine the effect of the hands on the handle velocity. A sample

VI. HANDLE VELOCITY OF A HAND-HELD BAT

of these results is shown in Figs. 9—11. The initial bat and 30 om

ball speeds were held constant in order to provide a valid (2~ ]
comparison of the relative handle velocities for impacts at d =15 cm

different locations along the barrel. The handle velocity was .L_\’_\_/_ﬂ_
measured simultaneously at points near but not under each |

hand, using integrators with a time constant of 22 ms. The 0 10 20
small dc signal level prior to the collision was not recorded, time (ms)

so the waveforms in Figs. 9—11 represent the change in ve-

locity as a result of the collision, rather than the absolute Fig. 10. As for Fig. 9, but with impact at=15 cm.
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and the response after 2 ms represents rotation of the bz
about an axis through the hands. The initial response is simi ,

lar to that shown in Fig. 6 for a freely suspended bat, but the —‘b"b‘e

subsequent response is different. The free bat rotates abo

an axis 34 cm from the end of the handle, as indicated by the

results in Figs. 6 and(B). A larger array of piezo disks along L T— L

. . . 0 20 30 0 10 20 30 0 10 20 30
the bat would be required to define the bat motion more  tme (ms) tme (ms) time (ms)

precisely. Fig. 12. Handle force waveforms for an impact @ d=5cm, (b) d

(4) _For an impact ad=25cm, the free bé,lt rOtateS, abOUt,:i5 cm, and(c) d=25cm, at each of the eight p(:;itions shévén)(da).
an axis well beyond the end of the handle since the impact iggjacent positions are 5 cm apart, with positions 1 and 2 located 21 cm
close to the centre of mass of the 1§27.6 cm from the end from the end of the handle and positions 7 and 8 located 6 cm from the end
of the barre)_ No rotation is expected for an impact exacﬂy of the handle. Positions 1, 3, 5, and 7. are |n line with th(_e impact point and
at the centre of mass. The behaviour of a free bat. for a o_smons 2,4, 6, and 8 are on the dlametrl_cally opposite S|de_ of the bat.
. . . . ! indow (d) shows force waveforms at position 2, for other impacts at
impact atd=25 cm, is shown in Fig. 7. It can be seen from distancesd=12 to d=20 cm from the end of the barrel, as labelled. All
Fig. 7(b) that the end of the handle actually moves towardwaveforms in(a)—(d) are displayed at the same vertical sensitivity.
the ball during the first 2 ms, and subsequently moves away
from the ball due to rotation of the bat. The initial response is
p.rimarily dye to excitation of the second \_/ibration mlodeV”_ FORCES EXERTED ON THE HAND
since the high frequency components of the impulse arrive at
the handle before the low frequency components. The initial Measurements of the force waveforms exerted on the
response shown in Fig. 11 for a hand-held bat is qualitativelyrands for a hand-held bat are shown in Fig. 12, for impact
similar to that shown in Fig. 7 but the initial motion of the distancesd=5, 15, and 25 cm from the end of the barrel.
end of the handle toward the ball is more pronounced. Thdhe force waveforms were measured at eight different posi-
negative spike in Fig. Ib) is partly the result of excitation tions, as labelled in Fig. 18). These results were all ob-
of the second vibration mode but its amplitude is approxi-tained by allowing the ball to swing through the same angle,
mately doubledcompared with the free bat responses a  and by swinging the bat slowly in a horizontal plane to con-
result of a shift in the axis of rotation to a point under thetact the ball just after it passed the bottom of its swing. Each
hands. In Fig. 11, the response of the handle after the first 8f the waveforms in Fig. 12 was checked for reproducibility
ms is determined mainly by the behaviour of the heavilyto wthn abOL_Jt 20% in amplitude and shape, since variations
damped fundamental mode. The second mode is damp this magnitude were commonly observed as a result of

within one cycle and induced motion of the bat due to frans¥ariations in grip firmness and impact location. The force
lation and rotation ceases after about 10 ms waveforms were not calibrated to determine absolute magni-

The shift in the axis of rotation is also evident when thetUdeS' since the object of the experiment was to determine

handle velocity is m red at int 7 cm from the end %he relative magnitudes of the forces involved.
andie velocity Is measured at a po cm 1ro eendo Interpretation of the results in Fig. 12 is somewhat subjec-

the handle, and the hands are moved slightly so that they ?}A

XSS

]

N W=

ﬁﬁj

; : e since no instrumentation was available to monitor the
not press on the piezo at that point. In that case, the seconghin, felt by the hands in order to correlate force waveforms
mode does not obscure the measurement and is absent fo&n pain waveforms. Nevertheless, the “feel” of the bat is

free bat. For a hand-held bat, and for an impact about 20 crjyite obvious to the batter, particularly for impacts at dis-

or more from the end of the barrel, the axis of rotationtances between 15 and 18 cm from the end of the bat where
through the hands is clearly evident. This shift in the axis Ofno unp|easant sensations are felt by the hands. In terms of
rotation is also seen when the bat is held firmly by only oneinduced pain, a negative force corresponds to a sudden de-
hand and it is also independent of the speed of the ball. Therease in the force acting on the hands and is therefore not
waveforms in Fig. 11 increased in amplitude by a factor ofpainful.

10, but did not change shape when a ball was thrown at The main features of the results in Fig. 12 are as follows.
relatively high speed onto a stationary hand-held bat. (1) There is no impact point where the impact force is
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negligible at all locations under the hands. For an impact irwords, if the grip is not firm, the bat rotates more in the
the sweet spot zone, the impact force is small at positions $)ands and the end of the handle strikes position 7 with more
6, 7, and §(i.e., everywhere under the left handbut a sig-  vigour.
nificant positive force is transmitted to the right hand, par-
ticularly at position 2(at the base of the index finger VIIl. CONCLUSIONS

(2) The force waveforms are moderately complex, but can Because of the short transmission time of an impulse
be analysed in terms of three primary componeis;a P

heavily damped fundamental vibration mode with a period ot?long a baseball bat, the hands exert a significant force on

about 9 ms(b) a heavily damped second mode with a period he bat while the ball is still in contact with the bat. This
of about 3 ms, andc) a narrow spike of width about 2 ms effect is probably not very significant in determining the mo-

. o tion of the ball(for reasons such as those discussed in Ref.
appearing at the beginning of some of the waveforms. Thq 1y 1t it has a significant effect on the behaviour of the bat

frequency of each vibration mode is lowered with respect tq, 5, during and after the impact.

the free bat frequency, partly as a result of the heavy damp- The sweet spot of a wood baseball bat was found to rep-
ing (since this is a feature of all damped oscillating systemsesent an impact zone of width about 3 cm where the force
and partly by the additional mass of the hands and the armgnd the impulséi.e., the time integral of the forg¢ransmit-

(3) The largest forces are experienced at position 2, anged to the hands are both minimised. The existence of this
the largest force component, for impacts outside the sweelone can be attributed to a combination of the two factors
spot zone, is the 2-ms-wide spike appearing at the beginningreviously identified as being responsible for two separate
of each trace. The polarity of the spike reverses on either sideweet spots. The dominant vibrations induced in a hand-held
of the bat, as expected, although the waveforms on diametrbat are heavily damped versions of the fundamental and sec-
cally opposite sides of the bat are not inverted exactly asnd modes of a free bat. The vibration amplitude of both
mirror images. The polarity of the spike also reverses formodes is sufficiently large to cause pain for any impact out-
impacts on either side of the sweet spot zone, in a manneside the sweet spot zone. The amplitudes of these modes are
that is consistent with the direction of rotation of the handleminimised for impacts at the respective barrel nodes, but an
determined from the handle velocity waveforms in Figs. 9impact at either one of these modes will excite the other

and 11, i.e., the end of the handle moves away from the bamode. An impact at the fundamental node is about optimum
for an impact ad=>5 cm, but toward the ball for an impact Since the amplitudes of both the fundamental and second

atd=25 cm. The force associated with the spike is transmitNodes remain small. For impacts outside the sweet spot

. . ; i, _ -~ . Z0Nne, the second mode amplitude is largest under the right
ted primarily to the right hand, at positions 1-4, and is at hand (for a right-handed battgand smallest near the node

tenuated along the hanqlle..Th.e spike reverses polarity_at ﬂ]fﬁder the left hand. The node of the fundamental mode is
far end of the handle, indicating that the spike contains 3150 located under fhe left hand for a hand-held bat

strong component due to the second vibration mode. This is The other main factor contributing to the sweet spot zone

particularly evident at position 2 for the impact @  concerns rotation of the bat in the hands. The rotation is not
=25 cm, where two complete, but heavily damped, cycles 0fs simple as one might expect from an analysis of a freely
the second mode are observed. Attenuation of the spikeuspended, rigid bat, since the handle is relatively thin and
along the handle is consistent with the fact that the seconflexible. The initial direction of rotation of the handle is de-
mode has a node near locations 7 and 8. termined largely by the behaviour of the two vibration modes
(4) Since the hand force is largest at position 2, furtherand is also effected by a shift in the axis of rotation to a point
details are shown of the force at this position in Fig(dl2 under the hands after the ball leaves the bat. Consequently,
for other impact points. The sweet spot zone was judgethe force acting on the hands is not always as expected from
qualitatively, from the feel of the bat, to extend froch ~ pure rotation of a rigid bat. For example, an impact near the
—15cm tod=18 cm. Over this range of impacts, the feel tip of a rigid, freg bat_causes the handle to move suddenly
was essentially the same. This is consistent with the fact thdPWard the ball, in which case a large positive force should

- : ; felt on the fingers of the right hand. In fact, the force is
the force waveforms in this zone are generally smaller i € . : '
amplitude than at other impact points. argest on the opposite side of the bat, at the base of the

. jndex finger. Similarly, one would expect, for an impact near
srrgl;htia{grtcr?:sgaonnsmlger?grt:t) ;2?\ dleftt)urt]agiigrrltiefigaer?tegiighe centre of mass of the bat, that the force at the base of the
> ) | ! I]gttle finger on the left hand should be negligible compared
tive force 'S.appafe".“ at po:'sm.on 7 for |mpact§ near the end ith the force on the other side of the bat. In fact, the oppo-
the bat. This resulii.e., pain in the left handis consistent  gje giyation is observed since the bat rotates about an axis
with qualitative experiments performed by Noble andy,q,gh the hands. Nevertheless, the forces transmitted to the
Walker and Brancazi§. The force at position 7 can be at- pands as a result of bat rotation are minimised for impacts in
tributed to the fundamental mode which is seen clearly ahe zone where the centres of percussion of a free bat corre-
this position in Fig. 1&). The polarity of the fundamental spond to conjugate points under the hands. This also contrib-
mode reverses between positions 5 an@r76 and 8, indi-  ytes significantly to the formation of the sweet spot zone.
cating that the handle node for this mode has shifted from its The measurements reported in this paper could easily be
free bat location to a point about 10 cm from the end of therepeated in an undergraduate laboratory, at low cost, or ex-
handle. A similar shift in node location, toward the end oftended to investigate an aluminum bat or other hand-held
the handle, has also been observed by the author for the casguipment such as a tennis racket or golf club. The experi-
of a hand-held tennis racket. ment illustrates some elementary properties of wave excita-
The response at position 7 depends more strongly than &ibn and propagation as well as some interesting features of
other positions on the way the bat is held. The force inclassical collision and rotation phenomena, and should ap-
creases significantly if the grip is more relaxed. In otherpeal especially to students and staff interested in bat and ball
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sports. The freely suspended bat experiments would be par‘S‘H- Brody, “Models of baseball bats,” Am. J. Phy88, 756-758(1990.
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