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Introduction 
Baseball and softball are sports, similar to cricket, golf, tennis, hockey, and hurling, 
that involve a player swinging a handheld bat to hit a ball. In all of these sports, 
the impact between the ball and the bat, racket, stick, or club produces a sound 
heard by both players and fans. It also results in a postimpact vibration felt by the 
player holding the implement. A surprising fact is the extent to which the sound 
and vibration feedback matter to the player and especially how that feedback influ-
ences the perception of performance. The sensation of “feel” perceived by a player 
depends on the tactile sensation in the hands during and after the contact with 
the ball, as one would expect, but it is also strongly influenced by the sound of the 
impact. This has been studied extensively in the game of golf (Roberts et al., 2001, 
2006) but also applies to baseball and any other game where a player holds an im-
plement used to strike the ball. The perception of feel is composed of (1) vibration 
sensations in the hands, (2) sound of the impact, and (3) the perceived trajectory 
of the ball in flight (Hocknell et al., 1996). Popular Bat Wars (http://www.batwars.
com) events held across the United States allow players at all levels to try out new 
bat models from manufacturers, and the ranking of player preference of softball 
bats is based on performance (distance), feel, balance, sound, and logo design and 
color. Four of those rankings are personal preferences, whereas two depend on 
acoustics and vibration. 

This article describes the flexural bending and cylindrical barrel vibrations of base-
ball and softball bats. The flexural bending modes are used to identify the so-called 
“sweet spot” where impacts do not sting the hands. The source of a metal bat’s 
“ping” is related to cylindrical modes in the barrel of an aluminum or composite 
bat, which give rise to a “trampoline effect.” The vibration and acoustic properties 
of bats are discussed in relation to the development of performance standards. 
Finally, the myth of the corked wood bat is addressed. 

Flexural Bending Vibrations in a Bat
Figure 1 shows a sampling of the variation available in baseball (left) and softball 
(right) bats from the author’s laboratory collection of over 120 bats. Profession-
al Major (and Minor) League Baseball (MLB) players exclusively use bats made 
from a single piece of solid wood, with maple and ash being the two most popular 
woods. College and high-school players primarily use aluminum and/or compos-
ite bats with a hollow barrel, although these bats must conform to a performance 
standard that regulates their performance to be essentially the same as a wood bat. 
Softball bats, used both for men’s slow pitch and women’s fast pitch, are almost 
all aluminum or composite hollow-barrel bats. Youth bats used by Little League 
Baseball are also aluminum or composite but with a much greater variation in 
length and weight than their adult counterparts. Table 1 summarizes the variation 
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of bat dimensions and construction. For all bats, the handle 
end of the bat is much thinner than the barrel end. Figure 2a 
compares the diameter profiles of a baseball bat and softball 
bat of the same length.

Vibrational Mode Shapes and Frequencies
The violent collision between a baseball and bat can 
cause postimpact flexing and vibration of the bat. The 
frequency of the vibration and the corresponding stand-
ing wave patterns (mode shapes) depend on the materials 
and dimensions of the bat. Figure 2, b and c, shows the 
first two bending mode shapes for a baseball and softball 
bat compared with the mode shapes for a uniform beam 
with free ends. The mode shapes for the bats are simi-
lar to those of the free-free beam, except that the nodal 
points (where the displacement is zero) for the bats are 
shifted toward the thinner handle end and the vibration 
amplitude is not symmetric but is larger in the handle 
(Video 1 at http://acousticstoday.org/russell-media). 

Vibrational mode shapes and frequencies for a baseball or 
softball bat are obtained by experimental modal analysis, in 
which a hammer instrumented with a force gauge is used to 

tap the bat at one location while the resulting acceleration 
is measured with an accelerometer at another location, pro-
ducing a frequency-response function for that pair of input/
output locations. If the accelerometer is held at a fixed loca-
tion while the hammer impacts are moved along the length 
of the bat, the total set of frequency-response functions may 
be curve fit to extract vibrational mode shapes (representing 
the normalized displacement of each point relative to all of 
the other points), the resonance frequencies for those mode 
shapes, and the damping decay rates for the modes. For such 
an experiment, the bat is suspended on rubber bands in a 
free-free condition. 

One might question whether a baseball bat, gripped in the 
hands, is best compared with a free-free beam instead of be-
ing clamped at the handle end. To answer, the frequencies for 
a handheld baseball bat are much closer to those of a free-
free bat than they are for a bat clamped at the handle (Brody, 
1990). Free-free boundary conditions provide a good approxi-
mation for the measurement and modeling of other handheld 
sports implements as well, including cricket bats (Brooks et 
al., 2006), golf clubs (Wang and Wu, 2005), and tennis rackets 
(Banwell et al., 2014). 

Figure 1. Examples of the variety in baseball and softball bat construction. Left: Baseball bats. Left to right: pro-stock wood, replica of Heinie 
Groh’s wood bottle bat, large knob wood bat for swing training, wood with composite coating, two piece with aluminum handle and lami-
nated bamboo barrel, single-piece aluminum, two-piece aluminum, two-piece stiff composite handle with aluminum barrel, two-piece flex-
ible composite handle with aluminum barrel, single-piece composite, composite with double-walled barrel, composite with very stiff handle, 
aluminum with vibration absorber in knob, aluminum with electronic vibration dissipation circuit on handle, and aluminum with aerody-
namic holes in taper. Right: Softball bats. Left to right: wood, 1972 single-walled aluminum, 1993 graphite, 1993 titanium, single-walled 
aluminum, double-walled aluminum, triple-walled aluminum, two-piece composite handle with aluminum barrel, composite, composite 
high performance, multiwall (aluminum exterior with composite inner shell), high-performance aluminum double-walled barrel, two-piece 
antivibration joint with aluminum handle and triple-walled aluminum barrel, two-piece composite handle with aluminum double-walled 
barrel, two-piece composite handle joined to composite barrel, two-piece stiff handle with composite barrel, and two-piece composite handle 
with steel single-walled barrel. 

Acoustics of Baseball Bats
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A surprising validation of the free-free condition is the fact 
that a player’s hands do not affect the bat-ball collision. The 
duration of the bat-ball collision, approximately 0.0007 s for 
baseball and 0.001 s for softball, is shorter than the time for 
bending vibrations to travel from the impact point on the bar-
rel down to the handle and back. This means that the ball does 
not know that the handle of the bat exists because the ball has 
already broken contact with the bat before any vibration re-
turns from the handle. The batted ball speed is the same if the 
bat handle is clamped in a rotating pivot, gripped by a player, 
or freely supported (Koenig et al., 2004). Brody (1990) even 
predicted that a batter could completely release the bat just 
before impact and the resulting ball trajectory would be the 
same as if the batter was firmly gripping the bat during the 
entire swing. This actually happened on May 12, 2012, when 
high-speed video captured Major League Baseball (MLB) 
player Todd Frazier hitting a home run even though the bat 
was slipping out of his hands and was completely free at the 
instant of impact with the ball (https://goo.gl/hQsB1Z).

The frequencies of the first two bending modes are im-
portant to the perception of feel because the human hand 
is most sensitive to vibrations with frequencies between 
150 Hz and 550 Hz, with a peak sensitivity around 250 Hz 
(Reynolds et al., 1977). Variations in shape profiles, differ-
ences in material properties between wood and aluminum, 

and the fact that composite materials may be manipulated to 
design bat handles with varying degrees of flexibility allow 
a bat’s bending frequencies to cover a fairly wide range. For 
softball and baseball bats, the frequency of the first bend-
ing mode typically falls between 80 Hz and 215 Hz and the 
second bending mode between 350 Hz and 750 Hz. Figure 
3 shows the range of vibrational frequencies for a collection 
of approximately 60 softball bats of various constructions. 
The y-axis of the plot shows the spread of frequencies for 
the lowest flexural bending mode in the handle; the x-axis of 
the plot shows the variation in frequency for the cylindrical 
shell vibrations in the hollow barrels of aluminum and com-
posite bats (these are discussed in the Hoop Modes, Ping, 
and the Trampoline Effect section). 

Bat Vibration: Sting and Sweet Spots
The definition of the sweet spot of a baseball bat is prob-
lematic because, as is the case for tennis rackets, the term 
sweet spot could refer to the location that minimizes the vi-
bration and impulse felt by the hands, the location where the 
maximum amount of energy is transferred from bat to ball, 
or the location where the ball leaves the bat with maximum 
velocity, and these three locations do not coincide (Brody, 
1986). Furthermore, even if the definition of the sweet spot 
is limited only to the location where the sensation of vibra-

Figure 3. The range of frequencies for the lowest flexur-
al bending mode and lowest cylindrical barrel mode for 
slow-pitch softball bats of a variety of constructions. Sin-
gle-walled aluminum bats entered the market in the early 
1970s and older bats have higher frequencies, although 
the barrel frequencies moved to lower values as improve-
ments in aluminum alloys allowed for thinner barrel walls 
without sacrificing durability. Double-walled aluminum 
bats entered the market in the mid-1990s and introduced a 
significant improvement in performance. In 1993, Easton, 
Louisville Slugger, and Worth introduced single-walled ti-
tanium alloy bats that hit balls so much faster that they 
were immediately banned. Composite graphite bats were 
introduced as early as 1993, but only after 2000 did carbon 
fiber composite bats begin to dominate the market. Modi-
fied from Russell (2004).

Figure 2. a: Radius profiles for a baseball bat (wood and aluminum) and 
slow-pitch softball bat (composite). Measured mode shapes for a wood base-
ball and composite softball bat compared with a uniform beam: first bending 
mode (b); second bending mode (c). In both plots, the handle is at right and 
the barrel is at left.

Table 1. Dimensions and barrel constructions for baseball bats for various groups 
 

 

 

 

 

 

  

 Bat Length Barrel Diameter Barrel Length Material Barrel Type 
Baseball,  
professional 

31-34 in. 
(79-86 cm) 

2.625 in. 
(6.7 cm) 

3-5 in. 
(8-13 cm) Wood Solid 

Baseball, 
college and 
high school 

31-34 in. 
(79-86 cm) 

2.625 in. 
(6.7 cm) 

3-5 in. 
(8-13 cm) 

Aluminum or 
composite Hollow 

Softball 33-34 in. 
(84-86 cm) 

2.25 in. 
(5.7 cm) 

10-14 in. 
(25-36 cm) 

Aluminum or 
composite Hollow 

Youth 
baseball 

18-30 in. 
(46-76 cm) 

2.25 in. 
(5.7 cm) 

8-10 in. 
(20-25 cm) 

Aluminum or 
composite Hollow 

Table 1. Dimensions and barrel constructions for baseball bats for various groups.
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tion and impulse in the hands is minimized, one still finds 
a fair amount of disagreement in the literature. The sweet 
spot for feel has been defined as the center of percussion, 
the node for the first bending mode, a location between the 
center of percussion and the node of the first bending mode, 
or the node of the second bending mode.

Vibrational Modes and the Sweet Zone
Cross (1998) identifies the sweet zone on a baseball bat as 
the impact location that minimizes the vibration felt by the 
hands. This is a narrow zone in the barrel of the bat, ap-
proximately 5-7 inches (12.7-17.8 cm) from the barrel end. 
As seen in Figure 4, this definition of the sweet zone falls 
between the nodes of the first and second bending modes. 
There is some disagreement in the literature as to whether 
the sting in the hands is due to the vibration of the first bend-
ing mode or a combination of the second bending mode and 
the initial impulse, having a time duration nearly the same 
as the period of the second bending mode, traveling along 
the bat immediately after the collision (Adair, 2001a; Cross, 
2001). The first bending mode, with a frequency around 150 
Hz, is easily felt by holding the bat lightly at the handle and 
tapping the barrel end of the bat on the ground. It is easy to 
locate the node for the first bending mode by lightly hold-
ing the bat at the handle and tapping the barrel to find the 
location where no vibration is felt. However, what a player 
feels during the violent collision between bat and ball is not 
the same as this simple test. High-speed video shows that 
the vibration in the handle can be large enough to cause the 
player’s top hand to completely lose contact with the bat as 
the flexural impulse travels down the bat after impact (Video 
2 at http://acousticstoday.org/russell-media), and the vibra-
tion can even be large enough for a wood bat to splinter or 
break (https://goo.gl/BZZrA3). 

The painful sting resulting from an impact away from the 
sweet zone is most frequently felt in the fleshy region be-
tween thumb and forefinger in the top hand, the hand far-
thest from the knob of the handle. Figure 4 shows that this 
sting location on the handle of a bat corresponds to an anti-
node for the second bending mode and a node for the first 
bending mode, suggesting that the second bending mode is 
more important to feel. Players tend to show a strong prefer-
ence for bats in which the second bending mode has been 
heavily damped through the use of a vibration absorber 
tuned to the frequency of the second bending mode (Rus-
sell, 2006). 

Acoustics of Baseball Bats

Figure 4. Mode shapes for the first three bending modes of a slow-
pitch softball bat, with relative displacements mapped to the physical 
dimensions of the bat. Solid lines, displacement of the bat at one 
extreme of the vibration; dashed lines, displacement half a period 
later, at the other extreme of the vibration cycle; black dots, nodes, 
locations where the vibrational amplitude is zero. The sweet zone is 
a region approximately 5-7 inches from the barrel end of the bat; 
impacts in this zone will minimally excite the bending modes into 
vibration. Impacts away from the sweet zone will cause the bat to 
vibrate, and the location where pain is most often felt in the top hand 
aligns with an antinode (maximum displacement and acceleration) 
of the second bending mode.

Figure 5. Microphone responses for the impact of a baseball with a wood 
bat (Sound File 1 at http://acousticstoday.org/russell-media) and an 
aluminum bat (Sound File 2 at http://acousticstoday.org/russell-media). 
The high peak at approximately 2,200 Hz represents the character-
istic “ping” produced by the aluminum bat and is due to the (n = 2, 
m = 1) cylindrical hoop mode in the hollow barrel. The smaller peak 
near 2,800 Hz is due to the (n = 2, m = 2) cylinder mode.
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Hoop Modes, Ping, and the  
Trampoline Effect
The Ping of an Aluminum Bat
The sound of the impact between a baseball and a wood bat 
at the sweet spot produces a “crack” (Sound File 1 at http://
acousticstoday.org/russell-media), and experienced profes-
sional players use the impact sound as a clue to decide which 
way to begin running to catch the ball before it has traveled 
far enough for eye tracking to determine its trajectory (Adair, 
2001b). An aluminum bat produces a distinct ping (Sound 
File 2 at http://acousticstoday.org/russell-media), a sound 
that many baseball purists decry. Figure 5 shows the strong 
tonal component of the aluminum bat ping (the peak at 2,200 
Hz) completely dominates the sound spectrum. The sound of 
an aluminum bat is distinctive enough that a forensic acoustic 
analysis of a recorded police emergency 911 call was able to 
identify a baseball bat found at a homicide crime scene as the 
probable murder weapon (Marr and Koenig, 2007). 

The impact from the bat-ball collision can be loud enough 
to raise concerns about hearing health for softball players 
who are subjected to repeated loud impacts (Okuma and 
Takinami, 1994; Cook and Atcherson, 2014). Although indi-
vidual ball impacts with an aluminum bat can produce levels 
as high as 124.6 dB at the approximate location of a batter’s 
left ear, the normalized 8-hour equivalent A-weighted level 
is low enough to be pose little risk during a typical game. 
However, repeated exposure for a catcher during a game or a 
batter during batting practice could warrant the use of hear-
ing protection.

Hoop Modes in Hollow Cylindrical Barrels
The barrel of a wood baseball bat is solid, but the barrels 
of aluminum and composite baseball and softball bats are 
hollow cylindrical shells. A hollow cylindrical shell exhibits 
several families of mode shapes expressed in terms of the 
angular position θ around the circumference of the barrel 
and the distance x along the length of the barrel according to

                           φ(x, θ) = cos(nθ) sin(mx/L)     (1)

where  φ represents the normalized radial displacement and 
L is the barrel length. The mode shape designations (n and 
m) indicate the number (2n) of axial nodal lines encoun-
tered as one traverses the circumference of the barrel and 
the number (m) of circumferential nodal circles encoun-
tered as one traverses the length of the barrel. The n nodes 
are actually diameters for the circular barrel cross section, 
and as one traverses the circumference, each diameter is en-

countered twice, so if n = 2, a total of 4 axial node lines are 
encountered around the circumference. Figure 6a illustrates 
the circumferential variation of the cylinder radius corre-
sponding to different values of n. All of the mode shapes in 
the same family (same n value but different m values) have 
the same circumferential displacement but differ in radial 
displacement along the axial length of the barrel. The (n = 0) 
modes involve a uniform expansion of the barrel and are not 
observed in a bat. The (n = 1) modes are the flexural bend-
ing modes. The families of cylinder modes with n > 2 are all 
involved in the deformation and effective elastic property of 
the bat barrel during the collision with the ball. A spatial 
Fourier synthesis (Figure 6b) of the (n = 2, 3, 4, 5) modes 
closely resembles the initial deformation of the bat barrel 
during impact with the ball. This Fourier reconstruction 
agrees well with a finite element analysis model of the bat-
ball collision (Figure 6c). The higher order cylinder modes 
are not easily observed for most bats and tend to have reso-
nance frequencies high enough, with periods short enough, 
that the time duration of the impact between bat and ball 
prevent these modes from adding significantly to the acous-
tic or vibrational signature of the bat. Furthermore, because 

Figure 6. a: Circumferential modes in the hollow cylindrical barrel 
of an aluminum or composite bat (Video 5 at http://acousticstoday.
org/russell-media). Solid and dashed lines, extremes of the vibra-
tional displacement, separated by half a cycle. The (n = 0) modes are 
breathing modes and are not observed. The (n = 1) modes are the 
flexural bending modes. The lowest frequency (n = 2) mode is called 
the “hoop mode” of the bat and is used to model the essential physics 
of the bat-ball collision. b: A spatial Fourier synthesis of the (n = 2, 3, 
4, 5) modes produces the “kidney bean” shape that corresponds to the 
initial deformation of the barrel cross section on impact with a ball. 
c: A finite element model of the ball-bat collision shows the same ini-
tial bat deformation with a slight outward bulge (red) at the top and 
bottom of the bat cross section and a concave inward compression 
(blue). c modified from Mustone (2003).
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these cylinder modes only involve 
vibration in the hollow barrel, they 
have no influence on the percep-
tion of feel in the handle.

The Hoop Mode and the  
Trampoline Effect
The lowest frequency (n = 2, m = 
1) cylinder mode of a bat barrel is 
called the “hoop mode” (Video 3 at 
http://acousticstoday.org/russell-
media) and is responsible for the 
ping sound of the aluminum bat 
in Figure 5. This mode is also re-
sponsible for the potentially per-
formance-enhancing trampoline 
effect in a hollow bat, similar to 
the trampoline effect provided by 
the titanium faceplate of a hollow golf club driver. The tram-
poline effect is so named because the elastic barrel of the bat 
does most of the work during the collision, elastically deform-
ing and returning stored potential energy to the ball, much 
like when a person jumps on a trampoline. The frequency 
of the hoop mode depends on the material, thickness, and 
length of the barrel walls, and there is considerable variation 
in the hoop frequency. The frequency of the hoop mode for 
a softball bat, shown on the x-axis in Figure 3, ranges from 
1,000 Hz to 2,500 Hz, which is more than a musical octave. 
Figure 7 illustrates that it is possible to find softball bats with 
hoop frequencies roughly corresponding to the notes of a mu-
sical scale. With the right bats, one can even make a bat piano 
to play “Take Me Out to the Ball Game” (Video 4 at http://
acousticstoday.org/russell-media; for a longer explanation of 
this video, see http://y2u.be/r4KTGj-2trQ).

The location of maximum amplitude for the (n = 2, m = 1) 
hoop mode, as measured from the barrel end of the bat, near-
ly coincides with the sweet zone. Not only will ball impacts 
in this region not sting the hands, but the ball could come 
off the bat faster if the trampoline effect has the right fre-
quency. The effective elastic property of the barrel, due to the 
trampoline effect of the hoop mode, is measured in terms of 
the bat-ball coefficient of restitution (BBCOR), from which 
a number of other performance metrics, including batted-
ball speed, may be calculated (Smith, 2001, 2008; Nathan, 
2003; ASTM, 2014). The frequency of the (n = 2, m = 1) hoop 
mode correlates rather well with measured BBCOR values 
and batted-ball speeds for both softball bats (Russell, 2004) 
and baseball bats (Sutton and Sherwood, 2010; Nathan et al., 

2011a). All other properties being equal, a bat with a lower 
hoop frequency will hit the ball faster and farther than a bat 
with a higher hoop frequency. The highest performing slow-
pitch softball bat manufactured to date is the original com-
posite Miken Velocit-E Ultra introduced in 2002, with a very 
low hoop frequency around 1,000 Hz (this bat was quickly 
banned and is not currently legal for play). 
Aluminum and composite baseball bats currently used for 
college and high-school play are regulated by a performance 
standard that limits the BBCOR value to 0.5, which is essen-
tially the maximum value for a wood bat. Aluminum and 
composite BBCOR 0.5 baseball bats have hoop frequencies 
above 1,800 Hz; at a frequency this high, the trampoline effect 
is too small to improve the batted-ball speed. There are still 
advantages to using a nonwood bat, such as increased dura-
bility, increased swing speed, and better bat control. However, 
since 2011, when the BBCOR standard was adopted, college 
baseball performance metrics (home runs per game, runs per 
game, batting average) have dropped to 1972 levels when only 
wood bats were used (https://goo.gl/YafZhz).
A relatively simple model of the bat-ball collision, adapted 
from a model of the golf ball-club impact, treats the hoop 
mode of the hollow bat as a linear mass-spring and the ball 
as a nonlinear mass-spring (to account for hysteresis and 
energy lost to friction during the collision). Analysis of col-
lisions between these two mass-spring systems captures the 
essential physics of the collision between a ball and a hollow 
bat (Nathan et al., 2004), explains the correlation between 
low hoop frequency and high batted-ball speed, and predicts 
observed trends for bat performance (Russell, 2004).

Acoustics of Baseball Bats

Figure 7. A selection of softball bats with hollow metal or composite cylindrical barrels having 
hoop frequencies that form a good approximation of a musical scale. This “bat piano” can be used 
to play tunes (Video 4 at http://acousticstoday.org/russell-media).
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Do Corked Wood Bats Have a  
Trampoline Effect?
Every once in a while, MLB players are caught trying to cheat 
by using illegally altered bats or substances. On June 3, 2003, 
Chicago Cubs outfielder Sammy Sosa was caught using an il-
legal corked bat. A few years earlier, in 1998, Sosa had capti-
vated fans in an exciting race with St. Louis Cardinals’ first 
baseman Mark McGuire in an attempt to break Roger Maris’ 
long-standing record of 61 home runs in a single season. So-
sa’s illegal bat had a long hole (filled with cork) drilled down 
the center of the wood barrel (Russell, 2012). A question fre-
quently posed about such illegally altered wood bats is, “Does 
a corked bat has a trampoline effect?” It turns out that a cork-
ed bat does indeed have hoop modes, but the frequency of the 
(n = 2, m = 1) hoop mode is well above 5,500 Hz, so high that 
it provides absolutely no improvement in performance over a 
solid bat. In fact, experimental measurements of bat perfor-
mance reveal that a corked bat actually has a lower BBCOR 
than a solid bat and thus provides no physical performance 
advantage to a hitter (Nathan et al., 2011b).

Conclusions
The acoustic and vibrational characteristics of baseball bats 
described in this article are easily applicable to any other 
sport involving hand-held sticks, rackets, or clubs. The 
flexural bending vibrations of cricket bats and field hock-
ey sticks play a similar role in the problem of sting and the 
identification of the sweet zone. Tennis rackets have flexural 
bending mode shapes as well as torsional modes that influ-
ence the vibration felt in the handle. The strings of a tennis 
racket vibrate like a membrane (drumhead) and the face of a 
golf club driver has mode shapes like a plate clamped at the 
edges. Both of these produce a trampoline effect that affects 
both the efficiency of the impact with the ball and the per-
ception of quality for the player hearing the impact sound.

There is a wealth of opportunities for research on the acous-
tics and vibration of sports equipment. Understanding how 
an implement vibrates is the first step toward finding ways to 
minimize the vibration causing sting or injuries in the hands 
and arms. Understanding the trampoline effect in bats, rack-
ets, and clubs is necessary for developing scientific tests to 
measure and regulate performance. Acoustics tools could be 
used to detect equipment that has been illegally altered. Com-
posite materials and new innovations in equipment design can 
lead to implements that perform better and/or that provide a 
more desirable feel of the hands and ears of the player. And an 
awareness of acoustics could even enhance the enjoyment of 
watching a favorite player hit a home run to win a game. 
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