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ABSTRACT: The barrd congruction of abaseball bat isacritica design featurein
its performance. The geometry, mass distribution and materid play an important role
intheball exit speed aswell asthe potential swing speed that aplayer can achieve.
Tubular duminum barres have been shown to outperform solid wood bats by as
much as8%. Mgjor League Basebdl (MLB) has continued to alow only solid wood
batsin itsleagues—with ash being the most popular wood. On occasion, playerstry
to “get an edge’ by drilling out their wooden barrels and filling them with cork or
other materids. In this paper, the relationship between barrel design and its
performanceisinvestigated. The study incorporates theoretical, computationa and
experimentd techniques.

Therole of diameter and large deformation theory are quantified and the trade-
offs between performance and durability due to metal barrdl thickness are eval uated.
Tovisudize locd deformations, afinite dementandysisis overlaid with strain data
collected when aMLB player used anew auminum bat. Pre- and post-impact
measurements revedl materia yielding on each hit. The possihility of improved
performance through workhardening is discussed.

Findly, the question is addressed as to whether a corked wooden bet redlly out-
performs asolid wood bat. Although commonly thought that “corking” abat provides
hitterswith better control but no additional power, the results of this study show a
dight increase, on the order of 1%, in batted-ball speed with the corked batsin
comparison to their solid-wood counterparts.

INTRODUCTION

Some of the factors thet influence the design of a basebdl ba include manufacturing
cost, maketability and gameplay legdity. However, the two mgor enginegring
factors are the resulting bat performance and durability of the product. Idedly, a bat
should be designed to match the player’s strength and provide just enough durability



to optimize the bat's performance. There are three falure modes commonly found in
solid-wood bats:

(1) Handlefracture,
(2) Barre fracture, and
(3) Bard grainfleking.

Aluminum bats are commonly shelved when a player fedls the bat looses its pop.
This loss of peformance is a result of continuous impacts that fatigue the materid and
eventudly lead to cracks Where professond and top college players use only their
own bat, smaler universty teams often have severa players using the same bas. In
addition, an auminum bat typicdly lasts the whole season wheress a professond
player is likedy to bresk a game bat every couple weeks. It is not unlikey that a
professond player could bresk a wood bat after less than a dozen solid contacts. A
2.5in diameter bare can have anywhere from 7 to 50 grains. Professond players
often have abarrel-grain-density preference of 13to 20 grains.

There ae many factors that influence how far a batted basebal will trave.
Among these factors are environmenta conditions, pitch speed, bat speed, ball
Coefficient of Redtitution (COR), impact location and of course, bat design. The
main varidbles of bat design are maerid and geometry. Two examples of bat barrels
are shown in Fig. 1. Bats have been condructed from a variety of woods including
ash, hickory and beech. Barry Bonds set the MLB homerun record in 2001 usng a
maple ba. More recently, some bas have even been condructed of laminated
bamboo.

A vaiety of laminated wood bats are now on the market. They offer patented
joining methods, combinations of wood materids and fiberglass, and Kevlar or carbon
reinforced handles and barrdls.  The question arises; does the epoxy in a composite
encased barrd enhance the bat's peformance?  For that matter, what is the
performance effect on a wood barrd if it is “boned’, flame tempered or cryogenicaly
frozen? The answers to these questions have not been determined, but it is likey that
they have more of an effect on the ba’'s durability and marketability than its batted-
ball performance.

Figure 1. Carbon Reinforced Aluminum Bat and Hickory-Ash Laminated Bat.



The desgn of the bat handle has a mgor effect on the bat's overal drength and a
lessr effect on its peformance (as compared to the bard desgn). The handle
flexibility will define the amount of “whip” energy tha can be trandferred to the bl
on impact. It dso is the driving factor behind the bending modes and the sweetspot
nodal point locations. Desgners have atempted to overlay the barrd noda points of
the firs three modes to decrease the amount of excitation of these modes—thus
maximizing the performance of the bats.

The design of the bare is critica in the bat's performance and to the durability
of that bare. Surface finishes can extend the life of a wooden barrd. For shdl-type
barrels, geometric features such as wadl thickness and bard diameter, and materid
characteridtics such as drength and eongation, play an important role in its
performance.  When a player “corks’ a bat, he lightens the bat to improve the contrd
of his swing and often attempts to improve the resilience of the barrd and to incresse
the energy transfer to the ball.

SOLIDVS.SHELL

One of the key reasons for variations in ba performance is the amount of energy
gored in its barrd and trandferred to the bal. According to Adair (1994), the energy
gored in the deformation of a solidwood bat is 2% the deformation energy stored in a
bal during the collison. For an duminum bat, the ratio of energy stored in the bat is
more like 10%. Adair dso dates that the wood bat has poor energy efficiency, smilar
to that of the bal (if the COR of the bal is 0.500 then its kinetic energy efficiency is
the square root of the COR or 71%). The efficiency of the auminum barre is closer
to 99% if it stays in the dadic range, ad the resulting energy exchange has been
referred to as a“trampoline effect”.

When sdecting a materia for a solid wood bat, important materid characteristics
(properties) include strength (Modulus of Rupture), stiffness (Modulus of Eladticity),
dendity (or specific gravity) and hardness (compression). Table 1 contains properties
for avariety of woods.

Table1 Mechanica Properties for Wood

Modulus Modulus Compression Relative
Materia of Rupture . Specific Perdl l.d io Stren_gth fo

(ks) Elatici ty Gravity Gra_l n We ght
(10°ks) (ksi) Ratio
White Ash 15.0 174 0.60 74 1.00
Hickory 18.1 1.89 0.69 8.0 105
Maple 15.8 183 0.63 7.8 100
Beech 14.9 172 0.64 7.3 093

Notes. Propertiesaretypica for wood with a moisture content of 12%.
Vduesareaveragesand variations of 10-25% are common.
Strengthrweight ratio normalized to 1.00 for white ash.

There is much variability within the species. Growth environment (i.e.
northeastern USA, southeastern USA, etc), hillet preparation (kiln or microwave
dried) and dorage conditions (moisture content) dl affect the strength and
performance of the bat. It can be concluded from the strength to weight raios in



Teble 1 why ash and hickory were the most popular choices for bats. It can be
concluded from the compression drength why hickory provides excelent barrel
integrity, however, as pitching dominance increesed, ash became the materid of
choice because the lower specific gravity resulted in lighter bats, better bat control
and increased contact frequency.

There are many materids that could be used to meke a shdl-type barrdl.
Aluminum wes firgt introduced a the amateur level for economica ressons because
of the high cost of replacing broken wood bats.  As the popularity of amateur baseball
increesed, the driving force for the nonwood bas shifted from economics to
performance. The mechanical propeties of the aduminum bats continuoudy
improved. Other materids such as ceramics, fiberglass, graphite and titanium aso
entered the market.  The typicad mechanical properties of some of these materids are
ligedin Table 2.

Table2 Mechanicd Propertiesfor Non-Wood Potential Bat Materids

Yied Ultimate  Modulusof Pois Density  Maximum
Material Srengh  Strength Elasticity, Raio  (Ibfin®)  Elongdion

(ks) (ksi) E (10°ks)) n (%)

Aluminum 7075 73 8 10 033 0.10 11.0
120 x-axis 8.0 x-axis

Glass-Epoxy - 5 y-axis 1.2 y-axis 0.2 0.07 15
210 x-axis 19.0 x-axis

Carbon-Epoxy - 6 y-axis 1.3 y-axis 0.2 0.06 11
Thermoplastic 308 x-axis 19.4 x-axis

PEEK - 11.6 y-axis 1.3 y-axis 044 0.05 18

Ceramic ZrO2 - 0] 27 0.33 0.22 03

Titanium 131 141 16 0.33 0.16 130

Thin wal theory is vdid for cylinders whose inner diameter is more than 20
times greater than the wall thickness. This ratio is typicdly the case for the bard
sction of a non-wood bat. To size the wal thickness and to compare the
performance of different barrd materids, a generdization can be made usng some
classicad formulas for dress and deformation, dong with a formula for bal exit
velocity developed from the Conservation of Momentum equation and the definition
of Coefficient of Restitution (COR or €).

For material comparison purposes, the stress at bal impact on a meta barrel will
be dmilar to that of an open-ended cylinder subject to a uniform radia pressure p.
The maximum hoop Siress, Sy, Can be esimated using Equations (1) and (2) (Roark

1965).
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Knowing that duminum ba barres often have a minimum barrel thickness, t, of
0.090 inch, the pressure, p, that would cause the hoop stress, Shoop, t0 be equal to the
yield gress can be found using Equations (1) and (2) and the barrd diameter,f Usng
the same pressure, it can be determined that the barrel thickness of a titanium bat
would be 0.061 inch a yidd for the same load conditions. To compare the barrel
deformetion and the trampoline effect, Roark’s cylinder equetion for diametricaly
opposite concentrated loads, Equation 3, can be used.
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For comparison purposes, a barrd length, Lgare, Of 12 inches and the impact & 6
inches (near the sweetspot) are assumed. Barrd deformations, d of 0.021 inches are
reasonable for dumlnum bats.  Subdituting a d of 0021 inches and an dadic
modulus, E of 15x10° ps into equation 3 rexults in an equivdent datic load, F, of
250 Ibs. Resolving for a wal thickness t, equa to 0.061 inch, the titanium barre
resultsin a deformation of 0.035 inch.

The energy efficiencies of the drains in the bat and bal have a direct influence on
the ba's peformance. Adair attributes the increased performance of the aduminum
bat to the barrd’s deformation which stores 10% of the strain energy compared to the
smaler deformation of the solid wood bat which stores only 2% of the collision
energy (with the remaining 98% gtored in the bdl). The bal has a poor efficiency as
a portion of its energy is disspated through interna friction and not returned as
kinetic energy; 68% is assumed for these caculaions. The auminum returns nearly
100% of the energy stored (99% assumed for this study). Using the static load and
displacement determined for the titanium bard, the sran energy sored in the
titanium bat can be edimaed a 17%. The resulting CORs are 0506 for the
aduminum bet -ball collison and 0.535 for the titanium bat-bal collison.

Using typica properties (1=3500 oz-irf, cg=125-in with respect to end of the
bard) for a 34-inch, 30-ounce duminum bat and asuming an 85-mph pitch, 80-mph
bat tip speed and 6inch impact location; the batted-bal velocity can be cdculated a
104.4 mph using Equation 4 as documented by Fallon (2000).

6 - i
Eivmg?e w W(l—l)%" (l+e)(v2b "'(Xog R )’Vzb
,-8e M 1w 3 b,
: = w Wb )¢

2 |209 B

In equation (4), eis the Coefficient of Redtitution, W, is the weight, v; is the velocity,
Wy, is the bat's angular velocity, X is the distance from the end of the barrel and |

the bat’s moment of inertia about its center of gravity. The subscript 1 represents the
ball, 2 the bat, a— after impact and b — before impact.



A pivot point of 3.25in off the knob was used based on a study by Crisco (1997).
Assuming the thickness of a titanium ba varies proportionaly to the auminum (i.e.
goproximately one third that of auminum across its entire length), the resulting
titanium bat would weigh 325 ounces and be swung with a tip velocity approximately
25 mph dower. The reaulting batted-bal veocity for the titanium bat would be 3
mph faster than that of the aluminum bat, which studies have shown can be as much
as 8 mph faster than that off solid wood. By repesting the process for an duminum bat
with a reduced diameter of 2.625 inches, the effect of the 1999 NCAA implemented
maximum barrd diameter reduction rule cen be invedtigated. Based on the new
geometry, the barrel wall thickness could be reduced to 0.0886 inch; the bat weight to
295 ounces and the deformation would now be 0.020 inches. The resulting batted-
bal exit velocity is 104.1 mph or a reduction of 0.3 %. Incorporating the new NCAA
minus 3 rule (i.e. 34inch bats must wdgh 31 ounces), the batted-bal exit velocity is
reduced another 0.2%.

The theory presented in this paper provides insght into the elastic deformation of
the barrd. However, the results do not incorporate the effects of large deformation
and the influence of local plastic deformation in the metal barrels.  Titanium, with its
gregter elongation at bresk than auminum, may further outperform the auminum bat.
Large deformation effects can account for a 13% decrease in bat hoop iffness and an
additiond 1% of energy stored in the meta barrdl.

BARREL DEFORMATION TEST AND ANALYSIS

A new duminum ba with a 2.75inch diameter barrd was digned in an Indy-
Ron, Bendix roundness messurement machine.  The profile and diameter were
measured a four locatiors dong the bard. The out-of-roundness was between
0.0015 and 0.0030 inches for the four locaions The roundness for one of these
locationsisplotted in Figure 2.
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Figure 2. Sample Roundness Plot for aNew Aluminum Baseball Bat Barrdl.



A professond player hit five basebdls off a tee and the impacts were recorded
usng a high-gpeed motion andysis system with a capture rate of up to 2000 frames
per second.  The diameter of the contact area between the bat and bal was estimated
a 1.4inches. Figure 3 showsaframe of the basebal during maximum deformation.
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Figure 3. Motion Analysis Capture of aBat -Ball Impact.

Next, the duminum bat was instrumented with strain gages on the top and face of
the barrel a 35 and 6.5 inches from the tip ¢ the barrd. The gages were oriented o
that the hoop strain would be read. A pitching machine was set a 75 mph, and the
strains were recorded for severd good impacts, which were monitored using the high-
speed motion analysis system. An impact a 5 nches resulted in a 25,000-ps gtressin
the 2 face gages. The pulse data are shown in Figure 4.
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Figure4. Dynamic Strain Data on an Aluminum Bat during Baseball Impact



After completing approximately 70 impacts on the aluminum bat, measurements
were repegted on the Indy-Ron. The out-of-roundness had increased to 0.0025 to
0.0045. It was evident that permanent deformations had occurred in the bat during
norma use after a short period of time. The bat peformance may be influenced by
the workhardeni ng of the material.

The measured results were incorporated into an ANSYS finite dement modd of
the ba. The modd was constructed using 8-node quadrilaterd shdl dements and
nonlinear spring elements to represent the boundary conditions of the batter's grip.
The load was distributed across the contact area with the grestest concentration near
the center of the contact area.  With the drain messurements correlated, an area
directly benesth the bal contact of approximately 0.5 inch in diameter exceeded the
yield strength of theauminum. Figure 5 plots the von Mises stresses.

LR

1 |] | BEE

Frowe View Tap Suripes
Ba-Hall Impac Arss Bamrel Exd of Bai

Figure 5. Von Mises Stresses on an Aluminum Bat during Ball Impact

The bard diameter compressed 0.054 inch in the direction of impact and
increesed 0.043 inch in the veticd direction. A magnified barrd digtortion is plotted
inFigure6.

CORKED BAT PERFORMANCE TEST

Four wood bats, two of which were corked (Figure 7), were submitted to the
UMass-Lowel Bashdl Research Center and peformance tested on its hitting
machine. The input speeds for the tests were set to approximately 66 mph for the bat
(as messured 6 inches from the tip of the barre) and 70 mph for the bal. The exit
velocities for each impact were measured and the results normaized to account for the
vaiances in ba-toba inertid properties. After 3 to 8 impacts, the corked bats began
to develop acrack dong the barrd grains.
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Figure 6. Barrel Deformation with a 10x Displacement Magnification

Figure 7. Cross-Sectioned Corked Wooden Baseball Bat

Although only limited deta were obtained before the bards were damaged, the
results indicated a dight increase in performance for the corked bais. The rdative bat
velocity was 1.1 mph faster for the corked bat in comparison to the same bat modd
uncorked. The fact that the barrel split indicates that some hoop-like deformetion
must have occurred. These results contradict those reported by Adair who theorized
that al of the deformation was on the locd surface.

To support these results, another finite element andysis was peformed. A two-
dimensona plane stress model was generated to represent an ash bat that was either
solid wood or drilled with a kinch diameter hole. A 250-Ib dtatic load was applied to
the contact area to represent the bal impact. The deformation was shown to extend
into the area where the cork would have been inserted. The surface digplacement on
the corked bat was 82% greater than that in the solid wood. The maximum principa
sress for this datic load was 712 ps for the corked bat and the reference tensle
strength was 940 ps for white ash.

In order to relate this additional drain energy to performance, the assumption was
made that the local surface compression in the wood had an efficiency smilar to that



of the baseball (as stated by Adair). However, it was assumed that the thick-cylinder
hoop related strains had the same efficiency as the thin walled duminum barrd hoop
deformations.  Solving in a smilar manner, the corked bat produces a batted-bdl
vel ocity 0.9 mph greater than the solid-wood bat.

Figure 8. FEA Bat Deformations with Static Load on the Top Surface;
Solid Wood (Left), Corked Wood (Right)

CONCLUSION

A sudy was performed to investigate the relaionship between baseball bat barrel
design and  performance. Theoreticd, computationd and experimenta techniques
wereusad. Thekey findings included:

(1) Today'smeta batsyield under impact,

(2) Titanium bats outperform aluminum bats by more than 3%,

(3 A reduction of the alowable barrd diameter to 2.625 from 2.75 inches, decreases
the batted-ball exit velocities by roughly 0.3 mph,

(4) The "minus 3" rule implemented by the NCAA effectively reduced the batted-bdll
exit velocity by 0.2 mph.

(5) A corked bat can outperform a solid wood bat by approximatdy 1%,
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