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ABSTRACT

This thesis investigates the relative performance of traditional solid wood bats to
high-performance metal bats using a combination of experimental testing to validate
finite element modeling. Experimental work that was conducted first involves measuring
the physical characteristics of a bat, such as length, weight, diameter profile, mass
moment of inertia (MOI) and the location of the center of gravity €g). Through
experimental modal analysis, natural frequencies of the bat are adso measured. From
these experimental results, calibrated finite element models of wood and metal baseball
bats are created. Compression testing of a baseball was performed to support the
development of a redlistic finite element model of a baseball that was validated using a
standard coefficient of restitution (COR) test. These independently validated finite
element models were then combined to predict batted-ball performance. These
predictions were then compared with experimental data on batted-ball performance that
was provided using the Baum Hitting Machine (BHM), a state of the art machine that
simulates redlistic swing and pitch speeds to generate batted-ball exit velocity data
These models were developed to not only provide a tool to corroborate collected BHM
data, but also provide insight into the bat-ball impact, could be used to predict batted-ball

exit velocity, and thus aid in the design of future bats.
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1 INTRODUCTION

1.1 NCAA Addresses Bat Performance

In 1974, the Nationa Collegiate Athletic Association (NCAA) permitted the use of
aluminum bats in collegiate baseball games under its jurisdiction. The initia purpose for
this change from traditional solid wood to aluminum was to reduce operating costs due to
broken bats. The origina aluminum bats performed similar to wood, with the exception
that the aluminum bats did not break. As aluminum alloy performance and competition
among the sporting goods manufacturers increased, so did the performance of the
aluminum bats resulting in a new generation of high-performance baseball bats being
developed. These new bats used the latest advances in technology, including new metal
alloys, damping materials and sensors and barrel reinforcements such as air bladders and
composite materials.

Baseball bat performance comes down to a simple physics problem: the higher the
initial exit velocity of a batted ball, the farther the ball will travel. As more technological
advances were added to meta bats, the performance gap versus traditiona wood bats
widened. This increasing performance has upset the balance between the offense and
defense of the game, compromising the integrity of the game itself.

At the 1995 College World Series, a record 48 home runs were hit during the 16-
game series, breaking the previous mark of 29. During the 1998 College World Series,
64 home runs were hit setting another record. The score of the 1998 final championship
game was 21 to 14, a typica football score, not a baseball score. Clearly one or more

factors were causing this increase in offense.



A side effect of the increasing bat performance is the potential danger to pitchers who
might be unable to defend themselves against a line drive hit by these new bats. A
batted-ball traveling at an elevated velocity could sometimes reach the pitcher faster than
it takes for the pitcher to defend himself. Although there has been no definitive study,
media outlets most often report injuries to pitchers from Little League, high school and
college caused by the use of these high-performance baseball bats, in comparison to
reporting injuries caused by wood bats.

Amherst College head baseball coach Bill Thurston conducted a preliminary study in
1997 that compared the hitting statistics of players who participated in NCAA Division |
baseball with aluminum bats and then played in the Cape Cod League the following
summer.! The Cape Cod League is one of a handful of summer leagues that uses
traditional wood bats. A total of 88 college players were considered in the statistical
study. To be dligible for the study, a player had to have a minimum of 70 at-bats in the
Cape Cod League. In summary, Thurston found that the average batting average for all
the players decreased by 100 points, the number of home runs per-at-bat decreased by
65% and the number of strikeouts per-at-bat increased by 41%, while the number of
walks remained the same. It became evident how much the aluminum bat can influence
the offensive aspects of the game.

Major League Baseball (MLB) became involved in the debate because a considerable
number of its players are drafted from the college ranks. After playing with an aluminum
bat for most of their baseball career, with the exception of playing in a summer league
that exclusively uses wood bats, rookie players have a difficult time adjusting to hitting

the ball with a wood bat. It takes on average two years for a player to learn how to hit



with awood bat. Because of the inherent difference between playing with awood bat and
playing with a metal bat, talent scouts from MLB organizations have difficulty evaluating
a potential draft-pick’s offensive skills. They have to trandate the skill that a player has
hitting with a metal bat to how that player will do when he uses awood bat.

To better understand the bat performance issue, consider the timeline of events
regarding how the NCAA has addressed bat performance as discussed in the February
1999 edition of the NCAA News.? The first step that the NCAA took to curb the new
generation of aluminum bats was for the 1989 season. It restricted the weight of a metal
bat by setting a limit on how light they could be stating that the numerical difference
between the length and weight of a bat could not exceed five units, that is, a 34-in bat
could weigh no less than 29 oz. After the 1994 NCAA baseball season, the NCAA
Baseball Rules Committee met with the metal-bat manufacturers to discuss performance
issues. It was agreed that the performance level would not increase and that the Brandt
test, developed by New York University physics professor R. A. Brandt, PhD, would be
used to measure the performance. The Brandt test, to be discussed later, is a test
designed to measure the batted-ball performance of slow-pitch softball bats. Over the
next three seasons, the NCAA suspected that bat performance had increased. However,
the manufacturers reported that bat performance had not increased per the Brandt test. In
the fall of 1997, the NCAA was made aware of a letter written by Brandt, stating that his
test, adopted by the manufacturers as the bat performance testing standard, does not
accurately measure bat performance for baseball. Asaresult, Dr. J. J. Trey Crisco of the
Natioral Institute for Sport Science and Safety (NISSS) and Brown University was

contracted to investigate severa aspects of bat and ball performance, including the



evaluation of current testing methods. The findings of his report, to be discussed later,
only added to the controversy.

In July 1998, the NCAA Basebal Rules Committee held a “bat summit” where
invited researchers and guests were gathered to discuss bat-ball performance issues. The
guests in attendance included NCAA representatives, National Federation of High School
(NFHS) Baseball Rules Committee members and several bat manufacturers. A former
baseball bat design consultant for Hillerich & Bradsby (H&B, makers of the Louisville
TPX brand of metal bats and Louisville Slugger brand of wood bats) dleged that the
manufacturers of metal bats had misled and deceived the NCAA about bat performance
and testing standards. After assessing the gathered information, the rules committee
decided to develop new standards to limit the performance of metal bats, making them
perform more like wood bats. In developing the new standards, three requirements were
mandated: to minimize risk, to maintain a balance between offense and defense and to
preserve the integrity of the game. The three new recommended standards were:

1. Changing the weight to length unit difference from -5 (with the grip) to -3
(without the grip), meaning that a 34-in bat can weigh no less than 31 0z

2. Reducing the barrel diameter from 2 3/, t0 2 %/g in

3. Limiting the batted-ball velocity to 94 mph, given a 70- mph pitch speed and a
70-mph swing speed at the point of impact, designated as the 6 in from the
barrel-end of the bat

In a press release issued by the NCAA3, the Baseball Rules Committee felt that these
changes were necessary to make the game safer for al players and to improve
competitive balance between offensive and defensive aspects of the game. The

committee also felt that technological innovations, rather than player's skills, were

impacting the outcome of the games, threatening the integrity of college baseball.



1.2 Scope

This thesis will examine several aspects of baseball bat performance, which could
also be trandated to softball bats, and primarily looks at the relative performance of high-
performance meta bats to traditional solid wood bats. Experimental work pertaining to
bat performance involves first measuring the physical characteristics of a bat, such as
length, weight, diameter profile, moment of inertia (MOI) and the location of the center
of gravity (cg). Through modal analysis, the natural dynamic characteristics of the bat
are measured. From these experimental results, calibrated finite element models of wood
and metal baseball bats are created. Compression testing of a baseball was performed to
support the development of a redlistic finite element model of a baseball. This baseball
model was then used to examine the batted-ball performance of wood and metal baseball
bats using finite element modeling techniques. Experimental data on batted-ball
performance was provided wsing the Baum Hitting Machine (BHM), a state of the art
machine that simulates realistic swing and pitch speeds to generate batted-ball exit
velocity data. The finite element models not only provide a tool to corroborate collected
BHM data, but aso provide insight into the bat-ball impact, could be used to predict

batted-ball exit velocity, and thus aid in the design of future bats.



2 BACKGROUND

2.1 Introduction to Engineering Conceptsrelating to Baseball

Before discussing the performance of baseballs and baseball bats, a few engineering
concepts are presented. The coefficient of restitution (COR) is used to quantify the
elasticity or “liveliness’ of the baseball. The moment of inertia (MOI) of the baseball bat
has an important effect on the swing speed that a batter can generate. This swing speed
in turn has an effect on the batted-ball velocity. Several other concepts, like the center of
gravity or balance point of the baseball bat, the center of percussion and the “ sweet spot”
also play arolein baseball bat performance. The following is a brief description of each

concept.

2.1.1 Coefficient of Restitution

The most accepted means of quantifying ball performance is to measure the COR of
the baseball as it strikes a stationary object, usualy a thick white ash board rigidly
mounted to a wall. The COR is a measure of how elastic or inelastic two bodies are
when they come into contact with each other and must be measured experimentally. The
following is a brief derivation of the COR, as defined by Riley and Sturges.* Consider
two bodies, A and B that are positioned on the same path as shown in Figure 2.1. Bodies

A and B are given initial velocities, va and vg;, respectively.



Figure 2.1 - Two bodies in motion, before (top), during (middle) and after (bottom) a
collision.

It is assumed that during the brief interval that the two bodies are in contact, the
velocity of one or both of the bodies in motion may change and the positions of the
bodies do not change significantly. Also, non-impulsive forces and the friction forces
between the two bodies may be neglected.

Given the masses of each body, ma and mg, the total momentum for the two bodies
before (i) and after (f) the collision is conserved:

MpV, T MgV = MuVas + MV Equation 2.1

Now consider the impulse forces acting on the individua bodies while the bodies are
deforming during and after the collison. When the two bodies are in contact, the

momentum eguation gives

tc '[C
MaVa - OFadt = My, and MgVg - OFqdt = MgV,  Equation 2.2
g \

where F4 is the interaction force on the bodies as they deform, t; is a some initial time, v

is the common velocity of the two bodies at the end of the deformation phase of the



collision, which occurs at time t.. As the two bodies become separated again,
conservation of linear momentum yields
t ts
MuVe - OF dt = MV and MgV - OF;dt =mgVg;  Equation 2.3
t, to
where F; is the interaction force on the bodies as they are restored to their origina state
with final velocities vas and vgr at some find time, ty.
The coefficient of restitution e is defined as the ratio of the impulse during the
collision and the impulse as the bodies are restored

tf(:

oF .t

ozl _ MaVe - MaVar _ Ve - Vi
t
R MpVai - MaVe Vi - Vo
OFqdt
§

Equation 2.4

tfc
OFdt

ozl _ MgVe - MgVt _ V. - Vg
t
< MgVpi - MgVe Vg - V¢
OFqdt

Solving these two equations for e by eliminating the unknown velocity v, yields a

simplified form

Vg - V (Ve/) ¢
e=- Bt A= Zn Equation 2.5
VBi - Va (V%)i

where the COR is the negative ratio of the relative velocities of two bodies after and
before acollision.

The COR is not a value that is regarded as a material property because it not only
depends on the material of both impacted bodies, but for nonlinear materia systems, it

also depends on the velocity at which tey collide. It will also vary with respect to



different sizes, shapes and the temperature of the impacting bodies. For values of e=1,
the collision is considered to be a perfectly elastic impact, that is, there is no energy loss
due to the deformation o the bodies at impact. For values of e=0, the collision is
considered to be a perfectly plastic impact. The relative velocity of the two bodies after

impact is zero and the two particles move together at the same speed.

2.1.2 Mass Moment of Inertia and Parallel Axis Theorem

The mass moment of inertiais a measure of a body to resist a rotational acceleration
about an axis and is the best measure of how easily a bat can be swung. It is simply
denoted as MOI, noting that it refers to the mass moment of inertia and not to be
confused with an area moment of inertia. Studies described later have shown that batted-
ball velocity increases with increasing bat swing speed. Therefore, the MOI, becauseit is
an indicator of swing speed, can provide one measure of bat performance.

The definition of the MOI® is simply a differential mass, dm, multiplied by the square
of the distance to an axis of rotation, r?, summed over the entire mass m, as defined by
Equation 2.6. The resulting units are MASSDISTANCE? (usualy ozin® for baseball
bats). The MOI is traditionally calculated about an axis running through the center of
gravity, as illustrated in Figure 2.2, but using the parallel-axis theorem, the MOI can be
calculated about any arbitrary axis location, for example, the x” axis, as defined in

Equation 2.7.
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Axis of rotation
through X' 'S
.~ ‘\

N )

.......

'. dm
MOI Definition
NN =g 2dm Equation 2.6
“'\‘\'\ m
Axis of rotation \ \
through CG  [%
= \
= ~ Parallel-axis Theorem
@ le=log + d?m Equation 2.7

Figure 2.2 — Baseball bat MOI
terminology.

The weight, length and location of the center of gravity all play a part in determining
the MOI of the bat. The center of gravity is also referred to as the balance point. Bats
that are “end-loaded” or “end-heavy” have relatively high MOI vaues with a cg located
closer to the barrel end of the bat. These bats typically cannot be swung as fast as lower
MOI bats, but they do show a higher batted-ball velocity when compared at the same
swing speeds as a result of the higher percentage of mass at the end of the bat. An
example of MOI values for aluminum and wood bats as a function of length, is shown in

Figure 2.3. This plot not only shows how the MOI increases as the length of the bat
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increases, but is also shows the MOI of metal bats are on average lower than wood at

equal lengths.

16000

14000

12000

MOI (oz-ir?)

10000

8000

6000

Legend

Wood Bats
Polynomial Curve Fit
Metal Bats
Polynomial Curve Fit

36 38

30
Baseball Bat Length (in)

Figure 2.3 — Comparing typical MOI values for wood and netal bats.

2.1.3 Center of Percussion and Sweet Spot

The point on a body moving about a fixed axis at which it may strike an obstacle

without communicating a reaction force to the axis is called the center of percussion

(COP).° Suppose that a baseball bat is mtating during that swing about an axis at the

handle where the hands grip the bat and the baseball impacts the bat at the COP. For this

case, the batter will not feel any vibration at the handle, and therefore, that batter will
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describe the collision as “hitting it on the sweet spot” of the bat. But the “sweet spot” can
also be defined as the location on the bat that will yield the maximum batted-ball
velocity, and does not necessarily coincide with the COP. There are vibration nodes
belonging to the 1¥ and 2" bending modes of the bat that are also located in this general
area of the barrel (£ 1in) and it is suspected that they too have an affect on the batted- ball

velocity. Further experimentation should be done to quantify this effect.

2.2Wood vs. Metal

The physical differences between wood and metal baseball bats are quite obvious. A
wood bat is solid, usually weighs 2 units less than its length and is not very durable. A
metal bat on the other hand, is hollow, weighs either 3 or more units less than its length
and is more durable than wood. A significant difference between wood and metal batsis
the energy-transfer mechanism between the bat and the baseball during the collison. The
difference between the energy-transfer mechanisms is a fundamental result of the wood

bat being solid and the metal bat being hollow.

2.2.1 TheBat-Ball Collison and Energy Transfer

In looking at the difference in performance between wood and metal bats, the generic
bat-ball collison must first be understood. This understanding includes the complex
motion of the bat to the ball and the energy transfer between the bat and the ball during
and after the collison.  In his book The Physics of Baseball’, Adair reviews the
different aspects of a bat-ball collison. The complex motion of the bat towards the ball
is a combination of rotation and trandation of both the batter and the bat. The swing is

mostly trandation in the beginning stages and then mostly rotation just before hitting the
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ball. However, the basic mechanics ard motion of a swing will be the same whether the
batter is using awood bat or a metal bat.

The total energy of a bat-ball collision is the sum of the kinetic energy generated by
the batter during the swing and the kinetic energy of the baseball pitched towards home
plate. When the ball collides with the bat, some energy is stored in the ball asit deforms
on the barrel to ailmost half of its original diameter. Some energy is stored in the bat as it
bends or deforms due to the impact with the ball, as shown in Figure 2.4. Some energy is
lost when frictional forces of the collison are dissipated through heat. However, the
amount of energy stored in the bat and how it is transferred back to the basebal is the

major difference between wood and metal baseball bats.

Figure 2.4 — An example of the bending deformation
of abaseball bat after it strikes the ball.

As previoudly noted, a metal bat is hollow. When the ball impacts the bat as shown

in Figure 2.5, the barrel elastically deforms and becomes ova in shape, storing energy
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from the collision. When the material springs back to its original shape, the stored
energy in the bat is returned to the ball, propelling off of the bat at a faster rate than if
using awood bat. Within this global hoop-deformation mode in hollow metal bats is a
phenomenon known as the trampoline effect. This trampoline effect is a local
deformation in the bat at the point of impact that also stores energy during contact with
the ball and then returns it to the ball as the bat returns to its origina shape. The
trampoline effect also causes the baseball to deform less, which is significant because the
baseball is not a good energy storage device. When impacted with the solid wood bats,

the baseball deforms more, thus dissipating some of the collision energy.

TRAMPOLINE
~ EFFECT
“~___ Hoop
MODE
BEFORE IMPACT DURING IMPACT

Figure 2.5 — Bat-ball collision showing local trampoline
effect and global hoop deformation mode of metal bats.

By using newer metal alloys that have higher yield-strength, the trampoline effect can
increase the exit velocity of a baseball. Where the diameter profile along the length of a

solid wood bat is more of an artistic design, a metal bat is often engineered to give the
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maximum performance possible, i.e. the fastest batted-ball velocity. The location of the
center of gravity, the moment of inertia, the sweet spot, the material selection the
diameter profile, barrel reinforcements and the damping characteristics of a metal bat are
all considered in designing a metal bat. Figure 2.6 shows an example of a high

performance aluminum-bat barrel with a composite reinforcement.

Figure 2.6 — Example of a hollow metal bat with a composite barrel-reinforcement.

Robert Watts and Terry Bahill in their book Keep Your Eye on the Ball: The
Science and Folklore of Baseball examine the relationship between the input energy
from the swing and the batted-ball velocity.® The actual swing of a batter is a complex
combination of both trandation and rotation, shown in Figure 2.7. While the player is
rotating the bat’s barrel from their shoulder to the ball, the bat as a whole is trandating
from behind home plate to just in front of home plate. During this trandation, the bat

rotates about a point between the player and the bat’ s knob.
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Figure 2.7 — Mation of the swinging bat.

Based on the two types of motion that the bat undergoes, there are two types of

kinetic energy developed from the swing as described by

1 2 .
KEyangation = E moatvbatcg Equation 2.8

1 .
KErotation = E l bathWbatcg Equation 2.9

where lpat ¢g IS the moment of inertia of the baseball bat about its center of gravity and
What og 1S the angular velocity of the bat about its center of gravity. Thetotal energy of the
swing is equal to the work W done by the player to put the bat into motion:

W =KE; sngatian T KE otation Equation 2.10
where there is a maximum amount of work that a player can put into the motion of the bat
and still maintain control to hit the ball.

Watts and Bahill also show that this rotational kinetic energy can be further broken
down into a combination of two rotational motions, which can be used to derive an

equation for batted-ball velocity. Ultimately, these equations can be used to locate a
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point on the bat that provides maximum energy transfer, in other words, highest batted-

ball velocity.

Wrist
Rotation Axis

Body
Rotation Axis

. {

]

Figure 2.8 — Variables denoted in swing equations.

Suppose that a batter’s swing can be drawn as shown in Figure 2.8 where two angular
accelerations are applied to the bat: wiogy due to the rotation of the body and wiis due to
the rotation of the batter’ s wrists during the swing. The linear velocity of the bat at the cg
(vap) and at the point of impact (vg) before a collision with the ball is

V2b = (R +H )Wbody + warists

Equation 2.11
Vg = (R+H + B)Wy,q, + (H + B)W,yiq

Combining these two equations yields
Vg = BWpoay +Wrig) + Vap Equation 2.12

Making the substitution of w, =Ww,,q, + W, Simplifies the equation further.
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During the bat-ball collision, suppose that the force exerted on the bat from the
impact with the ball is —F1, resulting in a torque on the bat about its cg is equa to —BF;.
Equating this torque over timet to the change in angular momentum yields for the bat

- BRt =15 (Wy, - Wy) Equation 2.13
Similarly for the ball
BFt = Bmy (v, - Vi) Equation 2.14

Assume that the rotational kinetic energy of the ball is negligible when compared to
the trandational kinetic energy. Conserving angular momentum between the bat and the
ball during the collision produces

[o(Wsyy - W) + Bmy(Vy, - Vyp) =0 Equation 2.15

Recall that Equation 2.1 and Equation 2.5 also apply to the energy stored during a
bat-ball collision. It should be noted that Equation 2.5 is modified here to represent the
fact that the impact is not at the cg location of the bat, such that the COR is defined as

Vig = Voq - BWZa
Vip = Vo = BWy,

e=-

Equation 2.16

Equations 2.1, 2.15 and 2.16 can now be solved simultaneously to find the batted-ball
velocity Via.

2 .
- Vlbgé' m_mB g"'(l“Le)(Vzb + BW,y,)
m, lo &

> Equation 2.17
m _ mB

1+—2+
m lo

By substituting into Equation 2.17 representative values for wood and meta bats, a
plot of the batted-ball velocity as a function of the location of the impact point on the bat
from the barrel end can be created. The peaks of Figure 2.9 show where along the length

of the bat the maximum energy transfer occurs. This location of maximum energy
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transfer is commonly referred to as the sweet spot on the bat. Notice that not only is the
peak batted-ball velocity higher for the metal bat versus the wood bat, but it is spread out
over a greater length of the barrel. As the point of impact gets closer to the handle, the
batted-ball velocity drops off more for the wood bat than for the metal bat. This example
shows why an inside pitch travels farther when hit with a metal bat than with a wood bat

— higher batted-ball velocity.
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Figure 2.9 — Plot demonstrating Equation 2.17.
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2.3 Performance Statistics of Wood vs M etal

There is much anecdotal evidence of how a metal bat outperforms the traditional

wood bat. Two studies are selected here to demonstrate some empirical evidence.

2.3.1 Thurston’'s Cape Cod League Study

In Thurston’s study, he examined several offensive statistics: batting average,
slugging percentage, home runs per at bat, base on balls per at bat, strikeouts per at bat,
runs scored per at bat and runs batted in (RBI) based on percent runs drivenin per at bat.

Table 2.1 summarizes his results, which were averaged for al players.

Table 2.1 — Comparison of player's statistics (1997 data).

Satisti i pate | oed b ¢ || Percent Change

Batting Average 0.339 0.231 -0.108 (-31.8%)

Slugging Percentage 0.555 0.325 -0.230 (-41.4%)
Home Runs 1 per 25 at bats 1 per 74 at bats - 65%

Baseon Balls 1 per 8.33 at bats 1 per 8.33 at bats No Change

Strikeouts 1 per 5.88 at bats 1 per 4.17 at bats + 41%
Runs Scored 1 per 4 at bats 1 per 8.33 at bats - 52%
RBI 1 per 4.55 at bats 1 per 9.09 at bats - 50%

After reviewing this collection of data, the impact of an aluminum bat versus a wood
bat on the game is evident. A player hits for a higher average, hits more home runs per at
bat, strikes out less per at bat and drives in more runs per at bat with an aluminum bat
than he does with a wood bat. Also, more runs are scored per at bat with aluminum than
with wood. When looking at the individua statistics, 70 players had a batting average
over 0.300 when using an auminum bat. When using a wood bat, only 5 players had a

batting average over 0.300. The largest difference between the wood and aluminum bat
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can be seen in the 65% decrease in home runs per at bat. Fifty-eight players had at least
one home run every 40 at bats when they used an aluminum bat, while only 16 players
had the same success when they used a wood bat. The increase of strikeouts per at bat
from 0.17 with aluminum bats to 0.24 with wood bats could be a measure of swing speed,
in that a player can swing an auminum bat faster than he can swing a wood bat. Also,
the lower MOI of an aluminum bat gives the batter better control to move the bat up and
down in the strike zone as he swings. The dower swing speed with a wood bat may not
allow a hitter to catch up to a fastball and make contact. In addition, to make up for the
dower swing speed with wood, the batter has to commit his swing earlier than he would
with an auminum bat. If a batter can wait until the last possible moment before starting
his swing, he has the better chance of making contact with the ball. The earlier a batter
commits to swinging at a pitched ball, the less chance he has at making contact because
he basically is guessing at where the ball will be. The runs scored and runs batted in per
at bat were cut in half when the players used wood bats. The ball is put in play more with

ametal bat than with awood bat, resulting in a greater chance of scoring a run.

2.3.2 Sports Engineering Field Performance Study

With assistance from UMass Lowell's Baseball Research Center (UMLBRC), Larry
Falon of Sports Engineering conducted several field performance studies that compared
the distance a ball travels when hit with professional quality wood bats versus aluminum
bats. The two C405 aluminum bats used in the study were from two different
manufacturers and were both -5 bats. In these studies, approximately 40 Rookie and
Single-A class players from two Mgor League Baseball organizations used wood and

aluminum bats while taking their regular batting practice drills. The baseball field was
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measured and flags were positioned radially from home plate every 10 ft starting at 250 ft
and ending outside the outfield fence at 450 ft. The distance a ball traveled in the air to

where it first landed was recorded to an accuracy of 5 ft.

A dtatistical summary of the raw data shown in Table 2.2 concludes that the C405
aluminum bats hit the ball farther. Over 1,000 hits were completed with wood bats and
over 650 hits with aluminum bats. Only one ball was hit with a wood bat farther than
390 ft, while a total of 18 balls were hit 390 ft or more with the aluminum bat — the

furthest at 440 ft.

Table 2.2 — Statistical summary of field performance data.

Wood Bat C405 Aluminum Bat
Percentage of hits over 250 ft 335% 37.3%
Percentage of hits over 300 ft 12.8% 21.8%
Percentage of hits over 350 ft 3.0% 8.3%
Average distance over 250 ft 294.4 ft 3154 ft
Average distance over 300 ft 332.3 ft 347.6 ft
Average distance over 350 ft 368.7 ft 386.3 ft

As shown in these two studies, field performance data for metal and wood bats point

to an increase in performance of metal bats over wood.

24 Crisco’'sFinal Report tothe NCAA

In October 1996, J. J. Trey Crisco of the National Institute for Sports Science and
Safety (NISSS) was commissioned by the NCAA to re-evaluate the preliminary limits on
bat and ball performance and to critique other issues related to performance.® Crisco was
tasked to examine five aspects of the bat and ball performance:

1. To determine the injury patterns from the batted ball
2. To evauate what response time is necessary to avoid impact from a batted ball
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3. To evauate existing test methods for predicting ball performance

4. To evauate existing test methods for predicting bat performance

5. To determine the effects of bat mass and inertia on swing velocity

Crisco's year-long study encompassed much of the recent work done on investigating
the performance of baseball bats by collecting many “papers in progress’ and enlisting

other facilities to conduct supporting research. Because of the extent of his study, its

conclusions are used here as a guide.

2.4.1 Relationship between Reaction Time and I njuries due to the Batted Ball

Based on data from the NCAA Injury Surveillance System, Crisco concluded that
baseball had one of the lowest overall injury rates in any collegiate sport. The acceptable
risk of recelving an injury due to a batted ball had yet to be determined and the exact
level of acceptability should be established using values determined from scientific
studies. Also, the existing standards of bat and ball performance as it relates to injuries
were based on practical experience with little scientific basis.

With respect to quantifying the relationship between reaction time and injuries due to
batted balls, Cassidy and Burton'® examined research literature on the reaction time of
baseball players and the amount of time it takes for a player to move an am to a
defensive position. They concluded that the average college or professional player is able
to begin their response to the ball 125 ms after the ball is impacted and that it takes
approximately 200 ms to complete the arm movement for a defensive position. Based on
these two findings, a player is calculated to have approximately 325 ms to react to a
batted ball and move his arm to catch or block the ball. This value has become quite

controversial.
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A pitcher istypically 55 ft from home plate when he finishes delivering the ball to the
catcher. Suppose that a ball is then hit directly back at the pitcher. Based on the 325 ms
reaction time, if a batter hits a line drive up the middle, then the pitcher would not have
enough time to react to the ball if it was traveling at 115 mph or faster. This calculation
neglects any drag on the ball dueto air resistance, so the actual velocity could be slightly
less than 115 mph. Regardiess, this ball exit velocity was much higher than any wood
bat, yet pitchers are still hit by line drives off wood bats. Scientists at the NCAA’s July
1998 bat summit agreed that approximately 400 ms, not 325 ms was necessary for a
pitcher to defend himself against a line drive.* That would reduce the “safe” ball exit
velocity to 93.75 mph. Crisco noted that although injuries from balls hit with wood bats
have also occurred, the severity of the injury seems to increase with increasing ball
velocity. In other words, a pitcher hit with a ball coming off an auminum bat would
suffer a more serious injury than if the bat were made of wood because the ball would be

traveling a a higher velocity with more kinetic energy to release in the collision.

2.4.2 Predicting Ball Performance

Because the performance of a baseball bat is usualy quantified by the exit speed of
the batted ball, the performance of the baseball should also be quantified. Suppose two
different lots of baseballs from a single manufacturer were used for testing. One lot has a
high COR value (“juiced” or lively balls) and the other has a much lower COR vaue
(“dead” balls). If the “juiced” balls were used to test a wood bat, and the “dead” balls
were used to test a metal bat, the relative performance of the wood and metal bats could
be equal. On the other hand, if the “juiced” balls were used to test the metal bat instead,

then the relative performance of the metal bat could be artificialy inflated. This simple
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example shows that you cannot address the performance of a baseball bat without also

considering the performance of the baseball.

2421 CORTesting

As of 1999, the specification regarding collegiate-level ball performance is that the
baseball nmust have a COR between 0.525 and 0.555. Currently, the specification is that
the COR must be less than or equal to 0.555 for a ball impacting a stationary wall at an
initial velocity of 85 ft/sec (58 mph). The physical specifications on baseballs used in
NCAA games are: a ball shall weigh no less than 5 oz and no more than 5.25 oz; the
circumference of the baseball shall be no less than 9 in and no more than 9.5 in. The
final stipulation is that the ball shall be formed by yarn wrapped around a small core of
rubber, cork or a combination of the two, and it shall be covered by two pieces of white
horsehide or cowhide tightly stitched together.

The current test method for measuring the COR is ASTM 1887, Standard Test
Method for Measuring the Coefficient of Restitution (COR) of Baseballs and Softballs.*?
It uses a ball-throwing device, for example a pitching machine, to propel a ball towards a
fixed, flat wall. The velocity of the ball just before impact is 58 mph and the strike plate
is made from either 2-inch thick steel or 4-inch thick northern white ash. The velocity of
the ball before and after impact is measured using a set of electronic speed gates set 12
inches apart, and the COR is then calculated as the incoming speed divided by the
rebound speed.

Crisco noted that the major limitation of the ASTM COR test is the unredlistic
inbound velocity of 58 mph. Realistic pitch velocities for a college game range from 75

to 85 mph and bat swing speeds are in the 70 mph range (i.e., the linear velocity of the
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bat at the point of impact is 70 mph). The total collision speed would be the sum of the
two, equal to 150 mph, well above the experimental speed of 58 mph. There is some
debate as to whether this COR test can accurately predict ball performance because the
test uses a flat surface, not a cylindrical surface simulating a baseball bat barrel. Given
that there are many factors which influence the COR of a baseball, Crisco concluded that
the current specification is insufficient for predicting ball performance at redlistic

velocities.

2422  Ball Compression Testing

A baseball is a complex object consisting of nonlinear materials such as leather, yarn,
rubber and cork. A cross-section of a baseball is shown in Figure 2.10. Because the ball
is nonlinear, it is difficult to quantify baseball field performance other than using a COR
test at elevated game speeds. One attempt to supplement the COR testing is to quantify
the nonlinear stiffness of baseballs using a compression test, an example of which is

shownin Figure 2.11.
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Figure 2.11 — An example of the ASTM ball compression test and resulting data.

ASTM 1888, Standard Test Method for Compression Displacement of Baseballs and
Softhalls'® uses a static compression test to measure the load reached when the ball is
compressed 0.25 in between two flat plates. It is ardatively easy test to perform, and it
gives a quantitative measure of ball hardness. Unfortunately, it is difficult to extrapolate

the ball compression from a static event (0.25 inches of displacement over 12 to 15
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seconds) and apply it to a highly dynamic event of a bat-ball collision where the ball is
compressed and returns to its origina shape in less than 100 milliseconds. Test results
from two different ball manufacturers are shown in Table 2.3. The difference between
the maximum loads reached between the two sets of 6 baseballs was 68.1 |b. This
variation has been observed in experimental batted-ball velocity measurements, where
one ball has a higher average exit velocity than another ball when hit with the same bat.
However, the potential correlation between a static ball compression test and the dynamic

batted-ball velocity is not fully documented and is not covered in this thesis.

Table 2.3 — Ball compression test results.

Ball Manufacturer & Model RawlingsRINCAA Wilson A1001SST
Average Weight (0z) 5.108 5.101
Average Load (Ib) 353.4 421.5

2.4.3 Predicting Bat Performance

There are two testing methodologies considered for predicting baseball bat
performance. The first is ASTM 1991, Standard Test Method for Measuring Baseball
Bat Performance Factor'* as developed by New York University physicist Dr. Richard
Brandt, Ph.D. It uses avalue called the Bat Performance Factor, or BPF, which is aratio
of the COR of a bat-ball collison and the COR of the same ball impacting a flat, rigid
wall. The second methodology uses the Baum Hitting Machine (BHM), developed by
Baum Research and Development. This machine uses large servomotors o swing a bat
and a ball toward each other at specified velocities and then measures the exit velocity of

the batted-ball after impact.
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2431 Brandt Test and the BPF

The Brandt test uses an air cannon to impact a cantilevered bat on a freely rotating
turntable with a baseball, as shown in Figure 2.12. By measuring the inbound velocity of
the baseball before impact and then measuring the rebound velocity of the bat after

impact, the bat-ball COR is calculated using Equation 2.18:

| @PR .
COR, .. :6?_+—: - -1 Equation 2.18
Roat- bal o= édrT - q

where:

D = distance between bat-speed sensors (in)

d = distance between ball-speed sensors (in)

| = moment of inertia (0z-in?)

R = location of the center of percussion (in)

r = radius of bat speed sensors (in)

T =time for bat to travel through bat speed sensors (S)
t = time for ball to travel through ball speed sensors (s)
w = weight of ball used in test (0z)

Speed gates
to measure

— " inbound ball

—_— velocity

Speed gates
to measure

rebounding
bat velocity

00—

Air Cannon

Figure 2.12 — Schematic of Brandt test setup.
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The BPF is then calculated as the CORyathai divided by the ball COR as found using
ASTM 1887. The batted-ball speed can then be related to BPF by:

Vil+e)+vle- k
Vhbattedball = ( (2+ :g ) Equation 2.19

Equation 2.20

where:

V = bat speed (mph, measured at point of impact at COP of bat)

v = pitch speed (mph)

w = ball weight (02)

W = bat weight (02)

| = moment of inertia (0z-in%)

e = bat-ball COR (equal to BPF-CORyai1)

a = distance from pivot to bat center of mass or balance point (in)

R = location of COP (in)

k = bat-ball inertia ratio (grouping term)

Crisco notes that athough the Brandt method has gained wide acceptance, it does not
test bat performance at realistic game velocities. Measurements are made at 60 mph and
mathematically extrapolated to the desired elevated velocity. Typical values range from
1.0 for wood bats to 1.14 for metal bats. On the other hand, the BHM can test at any
combination of velocities, up to a combined 200 mph, and directly measure the COR at

these velocities.

24.3.2  BaumHitting Machine

Larry Fallon of Sports Engineering, Dr. James Sherwood of the University of
Massachusetts, Lowell and consultant Dr. Robert Collier, were commissioned by MLB to
perform a complete and thoroughly independent evaluation of the BHM.'® This UMass

Lowell group also proposed a standard protocol using the BHM to evaluate the
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performance of baseball bats. They concluded that the BHM is a state-of-the-art machine
capable of accurately measuring ball exit velocity. The BHM, shown in Figure 2.13 has
the capability of swinging a bat at speeds up to 100 mph at the contact point and pitching

aball at up to 100 mph.

Figure 2.13 — Assorted views of the BHM.

The operator controls the BHM’s movements by setting the coordinates of the bat-
ball impact ard individual speeds of the bat and ball and records the impact data from the
control area, as shown in Figure 2.13(a). The bat-ball impact setup is observed as shown
in Figure 2.13(b). A baseball bat is mounted in the bat holding fixture that sits atop one
of the motors, while the ball is held in place in the ball “tuning fork” fixture attached to

the other motor shown in Figure 2.13(c). Sets of light cells and speed gates measure the
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exit velocity of the ball as it moves away from the impact. The ball is eventually stopped

by the collection net shown in Figure 2.13(d).

24.3.3  Boundary Condition Effects at the Handle

With respect to the two different methodologies, they both test use a rigid or semi-
rigid clamping fixture to hold the baseball bat in place as impacts with the baseball. Asa
result, Crisco concluded that both methods are limited in that they do not consider the
biomechanical factors of the batter. However, in research conducted by Van Zandt*®, it
was shown through normal mode analysis using computer modeling that hitting
performance is independent of boundary conditions prescribed on the handle of the bat
and thus alowing the bat to be studied as a “free-body” model. This norma mode
analysis showed that the displacement in the bat caused by an impact with a ball, does not
propagate to the handle before the ball leaves contact with the bat. Therefore, the
boundary conditions at the handle do not play any role in the ball’s trajectory or exit
velocity. This point is also reinforced with finite element modeling of the bat-ball
collision to be discussed later in this thesis. Crisoco pointed out that during testing, the
bats are rotated about a fixed point on the handle. In contrast to these test methods, an
actual batter’s swing is a complex combination of rotation and trandation, with mostly
rotation somewhere between the player and the knob of the bat just before and after
impact. Detailed finite element modeling simulating the boundary conditions of the
BHM, including a study of the effects of a rotating bat versus a trandating bat, was
conducted to understand and support the mechanics of the machine. This modeling will

be discussed later in this thesis.
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244 Effectsof Bat Mass and I nertia

The length-to-weight unit difference is a bat property that is restricted by NCAA
rules. It should be noted that the length-to-weight unit difference could be no more than
5 (measured with the grip) at the time of Crisco's report in November 1997; it was
changed to no more than 3 (measured without the grip) effective January 1999. Two
studies reviewed here show that the moment of inertia (MOI) has a more dominant effect
on swing velocity than weight. These studies calculated the MOI about a point on the
batter's body located 20 in from the knob end of the bat. They showed that swing speed
increased as bat MOI decreased and that over the small range of swing velocities they

examined, the relationship between swing speed and MOI was assumed to be linear.

2441  Effect of Bat Mass and Inertia on Swing Speed

Fleisig, et a.” at the American Sports Medicine Institute (ASMI) investigated the
effect of bat mass and inertia on swing velocity by using a high-speed motion-analysis
system to measure the swing speed of a baseball bat. They examined the swing speeds of
17 collegiate players using regular aluminum bats and aluminum bats modified by
placing a large or small weight at the barrel or the handle. The players then used the bats
in a controlled environment, batting balls pitched from a baseball pitching machine. The
pitch speed was approximately 58 mph and the machine was located 42 ft from home
plate. A datistical analysis of the measured linear velocity of the sweet spot and angular
velocity of the bat was then performed.

The ASMI group found that bat swing speeds increased as the bat MOI decreased.
This finding was based on the linear velocity data because an ANOVA analysis revealed

significant differences among the linear velocities but not for the angular velocities.
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Based on the regression, the bat speed (linear velocity of the sweet spot in mph) can be
predicted by:
V =69.6- 48.7: | Equation 2.21

where | isthe MOI about the bat handle in units of |bq%ts.

2442 A Method to Measure Sning Speed

Koenig, et al.'® at Mississippi State University (MSU) used 20 college-level players
and measured their swing speeds using sensors mounted in the ground at home plate.
The baseball bats used in this study were a mix of regular high-performance aluminum
bats and modified bats with a weight located on the inside of the bat barrel or handle.
The lengths of all the bats were 34 in, thus the unit difference between the weight and
length of each bat was achieved by altering the weight of the bat. Baseballs were pitched
from a baseball pitching-machine at 64 mph located 48 ft from home plate. Baseballs
were aso hit off a tee. Bat-speed data was collected and fitted to least-square linear
curves based on relationships between MOI versus bat speed and the length-to-weight
unit difference versus bat speed.

Comparing the bat speeds for pitched versus tee-ball swings, the data for the pitched
ball show that there was a dight decrease in bat speed as the MOI increases, while there
was no change in bat speed for balls hit off the tee. The MSU group relates these linear
curve fits to the MOI using the physical parameters involved in swinging the bat. To
idealize the actual swinging of a baseball bat, they assume that the bat's motion is starting
from rest and isin pure rotation about a fixed axis. They conclude that the changes in bat
speed (in mph) as a linear function of the changes in MOI from bat to bat can be

expressed by:
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& 0
DV =r x E >6é‘1- %j Equation 2.22
l ref 2 ref g

T

where rx/2q relates the angular and radial position of the sensors; |—— is a measure
ref

of the angular velocity that a batter can give to a reference bat with an MOI of |« by

& 0

applying atorque T; and él- %+ is the amount of change in the angular velocity due
ref g

to changes in MOI. In layman's terms, the MSU group notes that a 10% increase in the

MOI will result in a 4mph decrease in bat speed over the outside of home plate for

swings at pitched balls. It is noted that all bat-speed measurements are made from the

outside edge of home plate, not & any specific point on the baseball bat. Additional

sensors could be located at different positions at home plate in order to measure different

points on the bats.

2443  Theldeal Bat Weight

Watts and Bahill*® discuss what the ideal bat weight should be in order to get the
maximum batted-ball velocity. The conservation of momentum and COR equations for

the bat and ball in pure trandation are given as

mBalIIVBaIIi + mBatVBati = mBaIIVBaIIf + mBatVBatf Equation 2.23
VBatf - VBaIIf )
e=-——— Equation 2.24
VBaq - VBaIIi

These equations can then be solved simultaneously to yield an equation for the velocity

of the ball after the collision:
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_ (Mg - emBat)VBaIIi + (Mg + emBat)VBati .
VBa”f = Equation 2.25

mBaI | + mBat

For example, consider a 34-inch 31-ounce bat swung such that its linear velocity at
the point of impact was 70 mph. A baseball weighing 5.125 oz is traveling at a constant
70 mph in the opposite direction. The COR of the ball is 0.55. The resulting exit
velocity of the ball would be 116.2-mph. Increasing and then decreasing each parameter
in Equation 2.11 by 10% from the example values can determine the parameters that
most affect the batted-ball velocity. The results of this parametric study are shown in
Table 2.4 and on the surface show that the COR and the bat swing-speed most affect the
batted-ball velocity. Hidden within this parametric study is the relationship between the

MOI and swing speed.

Table 2.4 — Results of parametric study.

Parameter Batted-ball Per cent
Change Velocity (mph) | Change
Using original values 116.2 0%

Ball weight -10% 118.9 2.3%
Ball weight +10% 113.6 -2.2%
Bat weight -10% 113.3 -2.6%
Bat weight +10% 118.6 2.1%
COR -10% 109.6 -5.6%
COR +10% 122.8 6.0%
Pitch speed -10% 113.9 -1.9%
Pitch speed+10% 118.5 2.0%
Bat swing speed -10% 106.9 -7.8%
Bat swing speed +10% 125.5 8.7%

Because rules govern what the COR value of the baseball should be, the players have
no control over that parameter. On the other hand, a hitter does have control over the

swing speed of the bat. Obvioudy a lighter bat can be swung faster, but as shown in the
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study of Equation 2.25, a decrease in bat weight results in aloss of momentum before the
collison and a decrease in ball exit velocity. Also, there are rules prescribing a minimum
weight for bats. Therefore, the objective is to make a bat easier to swing, yet maintain

the same weight. Altering the location of the cg of the bat, which in turn aters the MOI

value of the bat, is the ssimplest solution.
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3 EXPERIMENTAL TESTING

Finite element modeling is commonly used in the design process. In order to avoid
the old adage of “garbage in equals garbage out” and to reach a certain level of
confidence that the modeling is valid, experimental testing is performed.

To validate the finite element models of the bat and ball used in this thesis,
experimental testing was conducted using three methods. The first method looks at the
mechanics of the BHM itself and collects actual batted-ball velocity data for wood and
nonwood bats using the BHM. The second method of validation involves a physical
calibration of the baseball bat so the finite element model not only matches the length and
weight of the bat, but also the baseball bat’scg location and natural frequencies. The last
step was to calibrate the baseball model separately using the ASTM COR test method.
Because the emphasis is on predicting relative bat performance, detailed experimentation
on the baseball was not conducted and is beyond the scope of this thesis.

The following sections describe the experimental data that was collected and how it

was used to validate the finite e ement modedls of the baseball bat and ball.

3.1 BHM Experimental Data

As previously described, the BHM is a state-of-the-art machine that is used to
simulate realistic swing and pitch speeds in order to measure the batted-ball velocity.
Initial use of the BHM by Sports Engineering and UMLBRC included a thorough
investigation of the testing procedures and equipment used before it could be qualified as
an NCAA-approved testing method. One test designed to examine the BHM was to use

an instrumented bat while collecting batted-ball velocity data.
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3.1.1 Instrumented Bat | mpacts

In an attempt to compare bat-ball impacts from the BHM to field impacts, one metd
and one wood baseball bat were instrumented with accelerometers and strain gages to
record the impact accelerations and bending stresses on the bat. An accelerometer /
strain-gage pair was mounted on the barrel opposite the point of impact and at the handle
approximately 3 inches from the pivot point as shown in Figure 3.1. Unexpectedly high
acceleration levels were recorded that resulted in clipping errors, saturating the

accelerometers, as shown in Figure 3.2.

Pivot point of
Impact

/ / holding fixture
[ d 4
N
=
Strain gage and /
accelerometer

locations

Figure 3.1 — Sensor location for BHM instrumented bat impacts.
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Figure 3.2 — Example of clipped acceleration data for metal bat impacts.
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The strain gage data was used to investigate the BHM torque motor used to swing the
baseball bat through the point of impact and its affects, if any, on batted-ball velocity. If
a servomotor is met with resistance, the servo-loop will increase the motor power in order
to reach the prescribed rotational velocity. If the servomotor power is increased while the
bat is in contact with the baseball during impact, it could potentially add energy to the
ball as it leaves the bat, artificialy increasing the ball exit velocity. Examination of the
strain gage data at the handle of the baseball bat in Figure 3.3 shows that the bat does
coast to the impact with the ball, and that the angular velocity of the bat is no longer
under the influence of the servomotor. This coasting is also significant from a modeling
point of view in that a smple initial velocity can be applied to the bat instead of a more

complex velocity profile as a function of the servo-loop response of the bat-ball impact.

40000
20000 Bat oscillation as —
” it spins to a stop
Servomotor powered on
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O — A\ A
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n f
- \ J
Bat swinging “
-20000 towards impact

] Bat coasting to impact— “

-40000 T T T

0 200 400 600
Time (ms)

Figure 3.3 — Calculated bending stress at the handle for a metal bat impact.
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Further examination of Figure 3.3 reveals the different stages of the bat’s motion
during BHM testing. In the first 100 ms, the bat is essentialy at rest, but is vibrating as a
result of the powered servomotor. At approximately t=110 ms, the servomotors are fired,
causing the bat to bend back due to the applied angular velocity. Approximately 5 ms
before the bat and ball collide, the servomotor for the bat is shut down, alowing it to
coast into the collision, shown at approximately t=300 msin Figure 3.3. As aresult of
the impact, the bat handle is subjected to large oscillating bending stresses that decrease

in amplitude as the bat spins to a stop.

3.1.2 BHM Batted-Ball Velocity Data

The BHM is used to provide batted-ball velocity data in a laboratory setting using
realistic pitch and swing speeds. A schematic of the BHM is shown in Figure 3.4. Once
the bat and ball have been properly mounted and the test documentation is configured in
the control panel screen, shown in Figure 3.5, the servomotors are triggered causing the
bat and ball to rotate towards each other. Due to the impact with the bat, the ball is
propelled through a set of light cells. The inbound velocities of the bat and ball, as well
as the ball exit speed measured at 9 and 13 inches away from the point of impact are
calculated by the data acquisition system and displayed in the control panel. A second
independent set of speed gates measures the ball exit speed at 72 inches from the point of
impact. To locate the maximum batted-ball velocity point on the bat, impacts are
collected at 5 positions along the length of the barrel, starting at 6 inches from the barrel
end of the bat, then at 7.0, 5.0, 6.5 and 5.5. Unless data at all impact positionsis desired,
testing of the bat can be considered finished when the maximum batted-ball velocity

point has been found.
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Figure 3.5 — Sample BHM data sheet.

3121 Baum Bat and Ball Data

Due to its wood-like performance and increased durability over wood bats, the Baum
Bat is a composite bat that is used in the BHM as calibration tool in an attempt to control
and quantify the variability from one baseball to another. Baseballs must go through a
certification process before they are used to measure bat performance.

Tested in lots of approximately 120, the baseballs are first numbered and weighed to
ensure that they meet weight requirements set forth by the respective governing body.
The on-weight balls are then tested in the BHM using the Baum Bat to collect batted-ball
velocity data. All BHM testing described herein was recorded using bat swing speeds of
70 mph at the 6-inch impact location and pitch speeds of 70 mph. The average exit speed
for the entire lot s calculated. Limits of £1.5 mph are imposed on the data, with any

balls lying outside this range removed from testing. The plot in Figure 3.6 illustrates the



44

variability in two lots of baseballs with £1.5 mph limits imposed on Lell exit velocity.

The baseballs in each lot are from the same manufacturer and hit with the same baseball

bat. In this case, there is a negligible difference in the average exit velocity of the two

lots: 92.11 mph for Lot “A” versus 92.38 mph for Lot “B”, but it may not be negligible

when comparing a Lot “C”. The ball certification is discussed here only to show that

some variability in the baseball is recognized and attempts are made to address the

abnormalities.
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Figure 3.6 — Example of variability within and between ball lots (valid hits only).

3.1.2.2

134

136

Wood Bat Data

138

Impact Speed = Bat In + Ball In (mph)

140

142

Wood bat testing with the BHM is limited to three impact locations at 5.5, 6 and 6.5

inches away from the barrel end of the bat. Beyond these three impact locations, the
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durability of the wood bat is questionable. Once impacts move away from the sweet spot
or center of percussion locations on the barrel, higher bending stresses are transmitted to
the handle of the bat and when this impulse reaches the bat-clamping fixture on the
BHM, it often causes the bat to break. The end result is that a large number of wood bats
are needed for testing.

As previoudly discussed, the MOI, cg location, length, weight, swing speed and pitch
speed al play arole in the batted-ball exit velocity. Therefore it isimportant to select the
proper control parameters during testing in order to maintain an “apples-to-apples’
method of comparison, as opposed to comparing “apples-to-oranges’. In the following
presentation of BHM data, the swing speed and pitch speed are held constant for each
impact. The resulting data is then categorized by the length and weight of bats, such that
only data within each length and weight combination is comparable. Other variables,
such as MOI, cg location, the bat material (wood, metal or composite) and baseball test
lot have to be taken into account when examining the data.

The wood bat data presented in Figure 3.7 are for two test lots of wood bats. The bats
are al nominally 34 inches long and weigh 31 oz. The nine wood bats in Lot #1 have a
cg location at approximately 11.125 inches from the barrel end of the bat. The cg
location for the six wood bats in Lot #2 averages 11.3 inches. Even though deviationsin
the cg location for bats within each lot may cause the data to appear to have a linear
behavior, experience shows that the batted-ball velocity data for each bat behaves in a

polynomial fashion. Therefore, the lot is fitted with a polynomial trend line.
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Figure 3.7 — Representative BHM data for wood bat performance.

In addition to the cg locations, other factors such as the quality of the wood stock, the
moisture content and number of grains across the barrel can contribute to the spread of
the data from bat to bat. The difference in peak batted-ball exit velocities between the
two populations is approximately 3.5 mph and has been identified as the difference
between baseballs from two different manufacturers used in testing these wood bats. The
manufacturer of baseballs used in testing Lot #2 would be considered to make a “ dead”
ball when compared to the manufacturer of baseballs used for Lot #1. Given that the 3.5
mph difference between the two test lots is not a trivial amount, Figure 3.7 demonstrates
how the baseball affects the performance of the baseball bat and that an “apples-to-

apples’ comparison of data must aways be made.
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3.1.23 Metal Bat Data

Two different sample populations were selected to examine the metal bat
performance using the BHM, shown in Figure 3.8. The first set of five bats had an
average cg location at 12.5 inches and MOI values ranging from 2915 to 3222 oz-irf.
The second set of six bats had an average cg location of 13.75 in and MOI values ranging
from 3170 to 4085 ozirf. These MOI values were measured with respect to an axis of
rotation at the 6-in location from the knob. All 11 bats were 34 inches in length and

nominally weighed 31 oz.
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Figure 3.8— Representative BHM data for metal bat performance.

It should be noted that there is a 1.8-mph difference in the ball certification exit

velocities between the two sample lots. If this 1.8-mph difference were added to the Lot
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#2, the batted-ball velocities for the two sample populations would overlap. But now
take into account the 1.25-in difference in cg location, and the 17.5% difference in MOI
values; surely the batted-ball velocities cannot be equal. |If data were taken with actual
players instead of a machine, the batted-ball velocities would not be equal because it has
been shown that MOI affects swing speed. However, the servomotors in the BHM ae
not sensitive to different MOI values. |If the servomotor is programmed to swing the bat
at 70 mph, then it will swing it at 70 mph, regardless of what the MOI value is for the bat
under test.

Recall that the “apples-to-apples’ method of comparison should be used to examine
bat performance data. Because all tests were conducted using the same swing speeds and
pitch speeds, and al the bats are nominally the same length and weight, comparing the
average ball-certification exit velocity might help establish an “apples-to-apples’
comparison. Even though they used different ball lots, Wood Bat Lot #1 and Metal Bat
Lot #1 both had essentially the same average ball-certification exit velocities — 94.1 for
the wood bats and 94.2 mph for the metal bats. A comparison of the data from these two
lots is shown in Figure 3.9. This plot is similar to the Watts and Bahill derivation and
plot of Figure 2.9 in that the peak batted-bal velocity for the metal bats is a little higher
than wood, spread out over more of the barrel length than wood, and shows no signs of

dropping off significantly as the impacts get closer to the handle.



Average Batted-Ball Velocity (mph)

100

95

90

85

a

Legend
Metal Bat Lot #1(12.5-in cg)

Metal Bat Lot #1 Polynomial Fit
Wood Bat Lot #1
Wood Bat Lot #1 Polynomial Fit

- » >

7 .

AN

T
5

6
Impact Location (in)

7

Figure 3.9 — Comparison of wood and metal bat BHM data.

49

Comparing the batted-ball velocity profiles (the polynomia trend lines) for the wood

versus the metal bats used in this demonstration, the peak batted-ball velocity for wood

bats is approximately 94.5 mph, where the peak for metal bats is approximately 95.5

mph. As a metric, let the sweet-spot length be defined as the total length of the barrel

where the batted-ball velocity is within 1 mph of the maximum. For wood bats, this

length, by inspection, is goproximately 1 in. On the other hand for the metal bat profile,

this length is over 2 in.

over alonger length of the barrel.

The point being the metal bat has a higher batted-ball velocity
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3.2 Frequency Analysis

The primary method used to validate the baseball bat finite element models was to
compare measured natural frequencies from an experimental modal analysis setup to
results calculated from the finite element model. Physical attributes including length,
diameter profile and in the case of metal bats wall thickness were used to create the
model. Because of wall thickness approximations, the materia’s density was then
adjusted to calibrate the weight and the center of gravity. Once the physical calibration
of the finite element model was accomplished, the frequencies of the first and second

bending modes were calculated and compared to experimental data.

3.2.1 Experimental Procedure

To measure the baseball bat’s natural frequencies, a smple generic setup was used
where the bat was suspended from the ceiling and supported at each end. An impact
hammer was used to provide an excitation impulse, the response of which was measured
at an accelerometer mounted on the barrel end of the bat. A dynamic signal analyzer
recorded the input force amplitude and the acceleration response and then was used to
provide an FFT of the results, quickly calculating and displaying the natural frequencies

of the baseball bat.
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Figure 3.10 — Diagram of experimental modal analysis setup.

3.2.2 Results

The results listed in Table 3.1 show that the metal bat has higher first and second
natural frequencies than the solid wood bat. These results will be examined later when

used as a cdlibration metric for the finite e ement models.

Table 3.1 — Experimental frequency results.

Property Wood Bat #3 | Metal Bat #1
Weight (0z) 31.90 29.49
Length (in) 4 4
CG Location (in) 11.25 12.63
First Mode (Hz) 143 182
Second Mode (Hz) 481 656
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3.3 Ball Compression Testing

In order to model a basebal, experimental data that can capture the nonlinear
performance of the baseball must be collected. As previously discussed, ASTM 1888 is
the standard test method to measure the compression-displacement of a baseball or
softball. This method specifies that the user compress the baseball at a rate of 1 in/min
and measure the resulting load at a maximum displacement of 0.25 inches. The load is
then released, the ball is rotated 90° and the test is repeated. Although the load versus
deflection history of the test can be captured, only the average compressive load at 0.25
in of displacement over two test runs is reported, making it a single data-point test that is
used as a quantitative baseline comparison for baseballs.

A modified version of the ASTM test was used to collect data for the finite element
baseball material model. Using an Instron 1332 testing machine, compression test data
was collected on a PC-based data acquisition system. Three elevated crosshead speeds
(3, 6 and 30 in/sec) were used, testing one official Mgjor League baseball at each rate.
The test was not stopped at 0.25 inches of displacement, but instead stopped at 10,000 Ib
of load. The difference in the data collected for the three different crosshead speeds was

negligible. The average of the data from the three testsis shown in Figure 3.11.
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Figure 3.11 — Average load versus displacement results for three MLB baseballs.
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4 MODELING

During the initial independent evaluation of the BHM, finite element modeling was
used to examine different aspects of the bat-ball collision with respect to the mechanics
of the BHM. Simple models were first created to examine the basic physics of the BHM.
Then as more experience was gained with BHM testing and with using the various finite
element analysis tools, more detail was incorporated into the finite element models. This
included validating the baseball and baseball bat models with the experimental data
previously described.

The following is an overview of the initial modeling. It is presented here to show the
general process that went into developing validated models of the baseball bats and the
baseball. An example of a corrected and updated aluminum bat model is presented in the
following chapter where results are presented in greater detail along with lessons learned

along the way.

4.1 Analysis Tools Used

The baseball bat and ball models were created using HyperMesh, (Altair, Inc.), ahigh
performance finite element pre- and post-processing software package. Once the bat and
ball models were created, input files were then generated and transferred for analysis
usng LS-DYNA (Livermore Software Technology Corp.), an explicit analysis package
primarily used to model nonlinear dynamic problems. It has an extensive material model
library and is able to model deformable contact. The time step size chosen for this type
of nonlinear dynamic analysis usualy has an effect on the solution, and is automatically
calculated by LS-DYNA roughly based on the speed of sound through the materia for a

given element size. Further details on the time step calculation can be found in the
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Appendix. LS-DYNA aso contains an implicit solver routine that was used for modal
analysis. MSC/Nastran was aso used for modal analysis on early baseball bat models.

Simple post-processing, for example looking at mode shapes, was done in
HyperMesh. Plotting of time history data was done using LS-TAURUS. More
complicated post-processing such as contour plots and animations were created and
viewed in etalFEMB, eta/PostGL and LS-POST, dl part of the LS-DYNA software
package distributed by LSTC.

Analysis jobs were run on several PC-based machines ranging from single-CPU
Pentium Il 150 MHz with 128 Mb of RAM to a dual-CPU Pentium 11 233 MHz with 256
Mb of RAM to a dua-CPU Pentium Il 550 MHz with 1 Gb of RAM. These
specifications are presented here because some modeling assumptions were made as a
result of computer resource limitations. An anaysis job run on the single-CPU Pentium
1 150 MHz machine might take 2 days, where that same analysis job run on the dual-

CPU Pentium Il 550 MHz machine would take 2 hours.

4.2 Early BHM Models

The first models created of the bat-ball impacts were very simple consisting of
approximately 3,500 elements and 18,000 degrees of freedom (dof’s). The finite element
models for the baseball and wood bat were created using 8 noded solid krick elements
while the hollow aluminum bat used 4-noded shell elements with a constant thickness of
0.095 in that was based on manufacturer’s suggestions. The combined bat and ball
models used for the impact analysis are shown in Figure 4.1. The mesh generated for
each bat model was created from an outside-diameter profile of the bat along its length,

with both bats measuring 34 in. A -5 aluminum bat (34 in, 29 0z) was used with a barrel
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diameter measuring 2% in. The plastic cap was not included in the first aluminum bat

moddls, but was added soon after as described in alater section.

Figure 4.1 —Initial bat-ball impact models for the
aluminum bat (top) and wood bat (bottom).

I sotropic material models were used for both the aluminum and wood bats as well as
for the baseball, as shown in Table 4.1. The elastic modulus for the baseball was found
by tria-and-error, calibrating the deformation results seen in the animation versus high-
speed video of the ball compressing onto the barrel of the bat. However, as shown in the
experimental data from the ball-compression testing, the load versus deflection curve is
nonlinear. The elastic material model is used here for the baseball in order to achieve
some modeling results. Using the measured diameter profile to construct the physical
size of the bats, they were then calibrated for weight by adjusting the density value for
the material.

Surface-to-surface contact was prescribed between the bat and ball. It should be

noted that friction effects between the bat and ball were not modeled. The ball was given
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an initial velocity of 70 mph and aligned with the bat to impact the bat on its centerline 6
infrom the barrel end. The ball was not given arotationa velocity to simulate the spin of
the ball, for example, as seen in afastball. Instead, the ball impacting the bat smulated a
pure knuckle-ball pitch. The bat rotational velocity was at first assigned to all the nodes
ina6-in long section of the handle of the bat, centered about the 6-in point on the handle
that served as the axis of rotation. This was done to simulate the fixturing of the BHM.
The magnitude was such that the linear velocity towards the ball would be 70 mph at the
point of impact. This boundary condition was not effective however, because the ball
would aready come into contact with the barrel of the bat before the rotational velocity
prescribed at the handle translated along the bat to the barrel. The rotational velocity
prescribed at the handle was then resolved into an initial linear velocity prescribed along

the length of the bat as a function of the distance from the 6-in pivot.

Table 4.1 — Summary of material properties used for initial modeling.

Property Baseball Wood Bat Aluminum Bat
Elastic Modulus (psi) 1200 1.77 x 10° 10.0 x 10°
Poisson’ s Ratio 0.45 0.30 0.33
Density (Ib/in) 0.024 0.026 0.100

The aluminum bat model was used during the initial BHM validation modeling
because it had shorter CPU run-times than the wood bat. These basic initial models were
sufficient to provide a relative metric for comparison, alowing for fundamental

investigations into the physics of the BHM.
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4.2.1 The 290° Swing vs. The 0° Swing

Early questions about the validity of the BHM involved the possibility of a whipping
effect that the bat could be subjected to as the BHM servomotor spun the bat towards the
ball. This whipping effect, if it existed with the BHM, may not be indicative of a human
batter swinging a bat. To investigate this effect, two models were run, one that started
the bat rotation similar to the actual hitting machine, rotated approximately 290° from the
point of impact with the ball, and one that started the bat rotation immediately before
impact in a “just-touching” condition with the ball at 0°. The starting point of these
modds isillustrated in Figure 4.2. It should be noted that these models simulated an 80-
mph pitch and an 80-mph swing. For the 290° swing model, the initial velocity
prescribed for the ball was “turned on” when the bat completed the 290° swing at was at

the 0° location.

Figure 4.2 — 290° swing model (left) and 0° swing model (right).

The results of the modeling showed that there was a 5% difference in the exit

velocities of the ball, as seen in Figure 4.3. For the 290°-swing model, the batted-ball
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velocity was 161.2 mph and for the 0° swing, the batted ball velocity was 153.1 mph.
These batted-ball velocities are unrealistic due to the elastic baseball. Nevertheless, the
models served their purpose of providing a relative measure of the batted-bal velocity.
The end result of this modeling study showed that the minor whipping of the bat did add
to the exit velocity of the ball, but not significantly. However, it was decided that the 5%
difference in batted-ball velocities could be tolerated in exchange for much quicker CPU
run-times. Therefore, all future models of the BHM started the bat rotation just before
impact.

It became quite clear that a smple elastic material model would not be acceptable to
use for the baseball. Modeling efforts were then concentrated on developing a calibrated

baseball moddl described in alater section.
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Figure 4.3 — Results of BHM swing study for 290° and 0° swings.
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4.2.2 Rotation vs. Translation

After initial calibrated baseball models were developed, a second investigation using
the baseball bat models involved the actua motion of the bat towards the ball before
impact. The BHM spins the bat in a purely rotational fashion, while the actual swing is a
combination of trarglation and rotation. Knowing the batted-ball velocities coming off a
purely rotating bat versus a purely trandating bat bound what the batted-ball velocity
would be from the complex motion of the batter’ s swing.

The same bat models were used, except a smple plastic cap made using shell
elements of constant thickness (0.25 in) was added to the aluminum bat model.

Whether the bat is given an initial angular velocity pivoting about the 6-in point on
the handle causing the bat to rotate towards the ball or an initial linear velocity over the
entire length of the bat causing it to trandate towards the ball did not significantly affect
the exit velocity of the ball. A plot of the two velocity conditions is shown in Figure 4.4
with acloser look at the maximum velocities shown in Figure 4.5. The baseball exit
velocity for the rotating bat was 108.9 mph, while the trandating-bat exit velocity was
109.2 mph. This negligible difference removes the concern of the machine's ability to

simulate realistic batting conditions.
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Figure 4.4 — Batted-ball velocity for an aluminum bat rotating and trandating to impact.
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Figure 4.5 — Close- up of maximum batted-ball velocities.
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4.3 Modeling Calibration

As more knowledge was gained through both experimental testing using the BHM
and general finite element modeling, it became apparent that the initial bat and ball
models would have to be better calibrated. By using a Mooney-Rivlin material model, a
more realistic representation of the nonlinear stiffness of the baseball could be made by
incorporating compressiontest data.  The baseball model was further calibrated by
modeling the ball as tested per the ASTM COR test.

General improvements in the modeling of the bat and ball were made, which included
the basic construction of the mesh to improve the mesh geometry, refinement of the mesh
around the impact point, adding the plastic cap to the auminum bat model and
improvements in the material models used for the baseball bats. New bat finite element
models are shown in Figure 4.6. An orthotropic elastic material model was implemented
for the wood bats to model the directional properties of the wood, and an isotropic model
with plasticity and kinematic hardening was implemented for the auminum bat model.
The natural frequencies of each baseball bat model was then calculated and compared to
the frequencies found using modal analysis techniques. Adjustments were then made to
calibrate the model to closely match the weight, cg location and 1% and 2" natural

frequencies that were experimentally determined.
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Figure 4.6 — New finite element meshes for the aluminum bat (top)
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and wood bat (bottom). Note the difference in the diameter profile.
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4.3.1 Calibrating the Baseball Model

Cdlibrating the basebal model was a two-step process. The first step involved
incorporating the nonlinear stiffness characteristic captured from compression tests
previously described, and the second was to use the ASTM COR test (1887) as a guide to
validate the COR of the finite element model.

The Mooney-Rivlin material model (Type 27) in the LS-DY NA finite element code
was chosen for the baseball model for two basic reasons, neither of which had anything to
do with the theory of hyperelastic materials. A detailled explanation of this material
model can be found in the Appendix. First, st experience has shown that it is an
excellent material model for nonlinear rubber-like materials. Although a baseball
certainly does not qualify as a rubber-like material, it does share nonlinear stiffness
characteristics. The second reason for its use was that it provides the option of
prescribing a load curve for the materia model. The Mooney-Rivlin material card
provides an option for the deformation behavior to be load versus deflection data with
given specimen dimensions, or a stress versus strain curve setting the specimen
dimensionsto 1.0. Because this ball model is developed as a preliminary approximation,
the data was not converted to a stress versus strain curve. The raw load versus deflection
data was used, approximating the baseball as a cube with a side length of 2.4 inches,
which will fit inside of the spherical boundaries of an official Mgor League baseball.

The ball model, consisting of 1296 solid elements, was then impacted against a
stationary wood block (as shown in Figure 4.7) to calibrate it to known COR values, in
this case 0.555. To achieve this COR vaue, mass damping was added to the model

through an iterative process until the rebound velocity would yield a COR of 0.555. By
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adding mass damping, rigid body motions would be reduced. High-speed video of a
baseball-bat impact was also used as a visual guide to judge the amount of damping
needed. Automatic surface-to-surface contact was prescribed. An orthotropic elastic
materiadl model (LS-DYNA Type 2) was used for the wood block, using material

properties for white ash.

t=0.0 ms t=0.3ms t=0.6 ms t=09ms t=1.2 ms

Figure 4.7 — Sequence of ball deformation during contact with flat surface.

4.3.2 Calibrated Ball Results

Batted-ball velocity comparisons between wood and aluminum bats showed the same
relative differences as seen in the BHM data, but the magnitudes of the velocities were
higher than the BHM data. This comparison is shown in Figure 4.8. At the time of this
comparison, the experimenta range for batted-ball velocities off aluminum bats (34 in,
29 0z) was approximately 97 mph to 102 mph. The experimental range for batted-ball
velocities off wood bats (34 in, 31 0z) was approximately 90 mph to 94 mph. Using the
calibrated ball model with damping, the batted ball velocity off the wood bat was 99.1
mph. The batted ball velocity off the aluminum bat was 108.9 mph

Post-processing of these models aso included generating time- history animations of
the impact event. Screen captures from contour plot animations of the bending stresses

for the aluminum bat and the wood bat are shown in Figure 4.9 and Figure 4.10,
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respectively. The contour scale is not shown because there was no data for comparison

to check and validate the magnitude of the stresses calculated in the model.
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Figure 4.8 — Initial comparison of batted-ball velocities
using the damped ball off wood and aluminum bats.

Although only the basebal was calibrated, the relative difference in batted-ball
performance between the wood and aluminum bats could be seen. Using the average
each experimental range, the difference in performance is approximately 7.5%, where the
models predict an 8.9% difference in performance. Although the magnitude of the
differences is not particularly close, the general trend is shown with these early models.
Different bat-ball impact phenomena are also present in these early results. For the

aluminum bat impact shown in Figure 4.9, the hoop deformation mode and trampoline
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effect is demonstrated. While for the wood bat shown in Figure 4.8, the loca bending

deformation of the barrel can be seen as the impulse travels down the length of the bat.

Figure 4.9 —Aluminum bat modeling results using a calibrated ball model.

Figure 4.10 — Initial wood bat modeling results using a calibrated ball model.
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4.3.3 Calibrating the Baseball Bat Models

With the baseball model calibrated to experimental COR data, the baseball bats aso
need to be caibrated by some independent means. Early models simply duplicated the
physical dimensions of the baseball bats and adjusted the density to duplicate the weight
of the bat. Because the modal response of the bat will yield characteristic measurements
of natural frequencies through stiffness and mass distribution that could affect batted-ball
speed, the bats were calibrated using experimental and analytical modal analyses.

The mesh for the hollow aluminum bat consisted of 2054 shell elements with a
uniform thickness of 0.100 in. It should be noted that after a selection of metal baseball
bats were cross-sectioned, the average wall thickness was closer to 0.100 in, rather than
the values of 0.095 in that was previously used. The C405 alloy was modeled using an
elastic-plastic material model with kinematic hardening (LS-DYNA Type 3),
recommended for use with shell elements. The mesh for the solid wood bat consisted of
3840 8-noded brick elements. An orthotropic elastic material model (LS-DYNA Type 2)
was used to model the directional properties of the wood.

The first and second natural frequencies of the bats were measured experimentally
using an impact hammer and a dynamic signal analyzer as previously described.
MSC/NASTRAN and later LS-DYNA Implicit were used to calculate the 1 and 2
bending modes for each of the bats. The refinement of the mesh and the distribution of
the mass in the finite element models were tuned so that the calculated natural
frequencies correlated closely with the experimentally determined values. Figure 4.11

shows the 1¥ and 2" bending modes for the aluminum bat, while Figure 4.12 shows the
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results for the wood bat. Table 4.2 and Table 4.3 summarize the calibration data for the

aluminum and wood bats, respectively.

)
!

Figure 4.11 — Deformed aluminum bat models showing 1% (top) and 2" bending modes.

Table 4.2 — Summary of aluminum bat calibration results.

Property Experimental | Finite Element Model
Length (in) A A
Weight (0z) 29.49 29.44
CG Location (in, from barrel end) 12.63 12.62
1st Mode Natural Frequency (Hz) 182 196
2nd Mode Natural Frequency (Hz) 656 682

Figure 4.12 — Deformed wood bat models showing 1% (top) and 2" bending modes.
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Table 4.3 — Summary of wood bat calibration results.

Property Experimental | Finite Element Model
Length (in) A A
Weight (0z) 31.40 31.89
CG Location (in, from barrel end) 11.25 11.22
1st Mode Natural Frequency (Hz) 143 145
2nd Mode Natural Fregquency (Hz) 481 490

Results of the bat calibration procedure show excellent correlation for the first and
second natural frequencies between the experimental data and finite element model of the
wood bat. Excellent correlation was also obtained for the weight and cg location of the
experimental data and the finite element model for the aluminum bat. However, the finite
element model predicted a first natural frequency that was approximately 8% higher and
a second natural frequency that was approximately 4% higher than the experimental data
that was collected. This difference is attributed to a carbon and fiberglass reinforcement
applied to the inside diameter of the barrel of the baseball bat, which was not modeled in
the finite element model. MOI comparisons were not made at this time, but were

conducted at a later date, as described in the Lessons Learned section.

4.3.4 Calibrated Basebhall Bat Results

Comparisons can now be made of a calibrated baseball model impacting a calibrated
bat model, comparing results for a wood versus an auminum baseball bat. Each bat was
subjected to the same 70-70 impacts as previous models and at the same location of the
impact, 6 in from the barrel end of the bat. Mass damping was added to the model in an

iterative process to agree with BHM data.
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The results of the two models showed that the exit velocity of the ball was 91.5 mph
off the wood bat and 101.8 mph off the aluminum bat — a 10 % difference in the exit
velocities. A plot of the batted-ball velocities of the two models is shown in Figure 4.13.
A detailed view of the barrel deformation is shown in Figure 4.14. The axial bending-
stress contour plots for the wood and aluminum bat impact animations are shown with

descriptions in Figure 4.15 and Figure 4.16, respectively.
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Figure 4.13 — Batted-ball velocities for the calibrated

aluminum and the wood bat models.
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Figure 4.14 — Comparison of the barrel deformation during impact.
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Figure 4.15 — Stress contour plots of wood bat animation.
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Figure 4.16 — Stress contour plots of aluminum bat animation.
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5 LESSONSLEARNED

Over the course of any long-term analysis project, there are certain things that if
given the chance, would be done differently. For example, improvements in finite
element codes might alow the anaysts to model things differently. Increasing
processing power, disk-drive storage capacity and memory for personal computers alow
larger finite element models with greater detail to be created and analyzed without CPU
run-time penalties. Also, given the genera knowledge and experience gained over the
course of a project, the analyst will inevitably look back and discuss how things could

have been done differently. This section provides that opportunity.

5.1 A Note on Damping

At the time that natural frequencies were experimentally determined, no effort was
made to quantify the damping present in the wood and aluminum bats or the baseball.
Using the *DAMPING PART_MASS input card in LS-DYNA, where mass
proportionally damping is added to a prescribed part, damping was ssmply used as a
scaling factor to calibrate modeling results to BHM batted-ball velocity data. Further
investigation during the experimental moda analysis would have quantified an
appropriate value of damping to use in the modeling.

Mass proportional damping in LS-DY NA, denoted as a, is used to damp out mation
including rigid body motions. Appropriate values are usualy given as 2w,, where w, is
the fundamental natural frequency of the structure in rad/sec. Other damping options
avallable in LS-DYNA include using the *DAMPING_PART_STIFFNESS card to add
stiffness weighted damping (Rayleigh damping coefficient, b) to a prescribed part to

damp high-frequency oscillatory motion. Absent of actual data, a value of 0.10 which
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corresponds to approximately 10% damping of higher frequency vibrations, can be used
as a starting point. The *DAMPING_GLOBAL card can be used to apply mass

proportional damping globally to the model.

5.2 Appropriate Model for COR Test

Limitations on compuing power and the need to get results in a reasonable amount of
time (1 hour vs. 1 day) led to a modification of the ASTM 1887 procedure that was used
to calibrate the baseball. Instead of measuring the inbound and the rebound velocity of
the ball at essentially 18 in from the wood block surface, the velocities calculated in the
finite element model were measure a 0.1 in from the wood block. Unfortunately, the
effect of using large values of mass was not thoroughly examined. Looking at the
original COR model to calibrate the baseball, a mass damping value of 300 was used for
the ball and 650 for the wood block.

When the COR test is modeled more appropriately by placing the ball 18 in from the
wood block, giving it an initial velocity of 60 mph, and then measuring the rebound
velocity at the same 18- in starting location, the original COR model with the large values
of damping fails the test miserably. The displacement of the baseball should travel to -18
in where it comes into contact with the block and then rebound back to it’s starting point
a 0 in and then beyond. The large damping value unfortunately causes the ball to come
to a complete stop after traveling only 3.52 in, never even reaching the block. This is
confirmed by the velocity trace of the ball as shown in Figure 5.1 shows the time- history

plot of the displacement and velocity of the baseball.
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Figure 5.1 — Displacement and velocity of original baseball COR model.

Due to some of these anomalies, a new model was created. In order to apply more
appropriate values of mass damping, experimental data on the natura frequency of a
baseball is needed. In general, a great amount of research is devoted to quantifying the
damping in a system. The work involved to quantify the damping in a baseball is too
large a task and beyond the scope for this thesis. Therefore, reverting back to the
iterative process to calibrate the finite element bal to have a COR of 0.555, a mass
damping value of 2.0 was prescribed for the ball and a value of 3.5 was prescribed for the
wood block. The resulting time- history plot for the baseball displacement and velocity is

shownin Figure 5.2
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Figure 5.2 — Improved COR model results for baseball displacement and velocity.

Comparing the results of Figure 5.1 to Figure 5.2, the displacement of the baseball
travels -18 in, then rebounds and travels +18 in (and beyond) as it should. The time that
the rebound velocity should be measured is when it crosses the G-in mark. Drawing a
vertical guideline to intercept the velocity curve, and then a horizontal guideline from the
intercept to the velocity axis, the rebound velocity can be visually determined by
inspection. In this case the rebound velocity measured 33.1 mph. These inbound and

rebound velocities result in a calculated COR of 0.552.

5.3 Modifying contact analysis parameters

In addition to changing the damping values used in the COR test described in the

preceding section, selected parameters that govern the contact behavior were changed in
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the improved COR model. Default values that have been developed by LSTC over time
to produce good results for general contact problems were used for a mgority of the
parameters. Two specific parameter values were changed from the default values in the
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE card - the master and dave
stiffness and the contact damping. As shown in Figure 5.3, there was inter-penetration
between the master surface (the block) and the slave surface (the ball), meaning that the
nodes from each surface penetrated through each other. These penetrations are obviously

not physicaly possible in the real world.

Penetration

|

N
Figure 5.3 — Examples of noda penetration of the ball into the wood block.

One method used to eliminate this penetration error is to refine the mesh in the areas
that come into contact, but this refinement is not always possible. The second method is
to increase the contact stiffness values used in the calculation. Artificial springs are
placed between the slave nodes and the master surface by the contact agorithm and
assigned some stiffness value, usually based on the material properties of the underlying

element. In finding a solution, these contact forces are balanced out, usually allowing for

some amount of penetration, depending on the stiffness of the spring. Increasing the
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contact stiffness will cause a smaller time step to be used by the solver because it will
more sensitive to small changes in displacement in trying to converge to a solution. The
key trade-offs are to increase the contact stiffness value without drastically increasing the
run-time of the model and to realize how much penetration can be tolerated in the
solution.

Viscous damping is applied to the contact interface to eliminate unwanted oscillations
due to the contact, for example high-frequency oscillations are sometimes created when
modeling sheet metal forming or stamping operations. A suggested value of 20 (%) was
used for the new COR model.

As a result of increasing the contact stiffness and adding viscous damping to the
model, the penetration between the master and slave surfaces was significantly reduced,
as shown in Figure 5.4. Although not quantified here, past experience has shown that as
the penetration is reduced, more accurate contact forces and energies are modeled,

leading to an overall more accurate model.

I U"im HOOEL n'I'H BALL I.*j I U;“ . m.'l'l'ﬂ BALL r' PR BLOCK
= T T S T 7T

Figure 5.4 — Increasing the contact stiffness results in reducing the penetration.
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5.4 Corrected Aluminum Bat Model

There were three aspects of the aluminum bat modeling that needed to be addressed
in this Lessons Learned section. The first considers the calibration of the bat to
experimental data. In addition to the physical attributes of length, weight, diameter
profile and cg-location, the MOI of the bat model should have been used as another
calibrating metric before the bats are subjected to a modal analysis to calibrate the
bending frequencies of the bat. The MOI should not be a concern with respect to awood
bat model, because a wood bat is a solid volume of material. Nevertheless, the MOI
value for the wood bat model should be calculated and compared to experimental values
for completeness. Coupled with the MOI calibration is an accurate measure of the wall
thickness. Due to the forming process used to make an aluminum bat, different sections
of the bat will have different thicknesses. An accurate representation of the wall
thickness along the length of the bat should provide a close estimate for the bat’s MOI
value. The final issue addresses the nodal locations for the shell elements used for the
aluminum bat.

In order to address these issues, and aso to bring the model up to date, a new
auminum bat model was created that subscribes to the current NCAA regulations. a

length-to-weight unit difference of -3 and a2 °/g-in barrel diameter.

5.4.1 Wall Thickness and Nodal Reference Planefor Shell Elements

A new prototype baseball bat with accurate wall-thickness measurements provided by
the baseball bat manufacturer was selected for modeling. This baseball bat had a distinct
advantage because it was under test for NCAA certification and therefore, was subjected

to the full round of BHM testing at the UMLBRC. At the end of experimental testing,
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the length, weight, cg location, MOl measurements and BHM batted-ball velocity data
were al known. The only additional experimental test data needed was to find the
natural frequencies of the bat.

A more accurate representation of the plastic cap was included in the model update,
asshown in Figure 5.5. It was created using 2200 nodes and 1620 solid elements. Once
the cap was created, it was discovered that the shell elements in the previous aluminum
bat models were incorrectly used. The nodes for each shell element should have been
located at the mid-plane of the modeled surface, but instead, the nodes were |located at the
outer diameter. The end result is that the outside diameter of the modeled bat was larger
than the actual bat by half the wall thickness. Now, because the cap was created using

solid elements, problems arose with how to modd the shell-to-solid element interface.

Figure 5.5 — New plastic cap model, with reinforcing ribs.

The most convenient solution was to use 8noded solid shell elements that are
avallable in LS-DYNA. These elements physically resemble solid brick elements, but the
element formulation and behavior resembles shell elements. They are specificaly

designed for shell-to-solid interfaces but can be used to model thick-shelled structures.
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Shell-like behavior is obtained by using multiple integration points through the thickness
of the element, while a plane stress subroutine is formulated at each integration point.
The baseball bat, minus the cap, was modeled with 9482 nodes and 4840 solid shell
elements. The transition from the cap to the barrel of the bat was modeled by merging
coincident nodes of the overlapping elements, as illustrated in Figure 5.6. The final

updated -3 bat modd is shown in Figure 5.7.

Figure 5.6 — Sectioned view showing interface with cap.
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Figure 5.7 — Updated aluminum bat model.
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542 MOI Calibration

The next step in completing the -3 updated bat model was to calibrate it using the
procedures and methods previously described, with the addition of calibrating the MOI of
the baseball bat. The calibration for the -3 aluminum bat is summarized in Table 5.1. It
was possible to calibrate some properties more accurately, but at the expense of the
remaining properties. For completeness, Table 5.2 summarizes the wood-bat calibration

results, including MOI values.

Table 5.1 — Summary of updated aluminum bat calibration results.

Property Experimental | Finite Element Model
Length (in) A A
Weight (0z) 31.39 31.17
CG Location (in, from barrel end) 12.94 13.02
MOI (oz-in?, at cg) 3222 3165
1st Mode Natural Frequency (Hz) 176 171
2nd Mode Natural Freguency (Hz) 614 606

Table 5.2 — Summary of wood bat calibration results.

Property Experimental | Finite Element Model
Length (in) A A
Weight (0z) 31.40 31.38
CG Location (in, from barrel end) 11.25 11.22
MOI (oz-in?, at cg) 2468 2446
1st Mode Natural Frequency (Hz) 143 148
2nd Mode Natural Frequency (Hz) 481 506

5.5 Updated M odel Comparison

With more appropriate model of the baseball COR test and updates to the aluminum

bat model complete, comparisons against BHM data and against wood bat performance
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can now be made. For both models, the baseball and baseball bats were given linear
(trandating) initial velocities of 70 mph towards each other. The point of impact was at
the 6-inch location from the barrel end of the bat. Contact and damping parameters were
duplicated from the COR model.

The results of the updated modeling were mixed. As shown in Figure 5.8, the
maximum batted-ball velocity off the aluminum bat was 123.9 mph and off the wood bat
was 120.4 mph. Comparing these values to BHM test data of the same bats shows a large
discrepancy in the data, as summarized in Table 5.3. The average of five impacts taken
at the 6-in location show that the batted-ball velocity for the -3 aluminum bat is 94.7

mph. The average of 3 impacts with the wood bat is 93.9 mph.
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Figure 5.8 — Batted-ball velocity for updated models.
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Table 5.3 — Summary of batted-ball velocity comparison.

Batted-Ball Velocity (mph)

Baseball Bat Under Test
Experimental | Finite Element Model

Wood Bat 93.9 120.4
-3 Aluminum Bat 94.7 123.9

The relative difference in batted-ball velocity between the wood bat and -3 aluminum
bat for the BHM data is 0.9 % while the finite element model shows a 2.9 % increase in
batted ball velocity for the -3 aluminum bat. It should be noted that the difference in
batted-ball velocity for the two different ball lots used in this comparison is 0.083 mph,
so any effects that the baseball may have in this comparison are negligible. The first
station that the batted-ball velocity is measured with the BHM is located 9 in from the
bat-ball impact location. From the time-history plot of Figure 5.9 showing the
displacement of the ball, the bal has rebounded away from the bat approximately 8 in
when the model stops after 0.005 sec. Although, the batted-ball velocities are not
measured at exactly the same location, the trend in the batted-ball velocity of Figure 5.8

does not predict a sudden decrease in velocity that will correspond to BHM data.
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Figure 5.9 — Time-history plot of the batted-ball displacement.

Conclusions that can be drawn from these latest finite element models is that a
relative batted-ball velocity difference between the wood and aluminum baseball bats can
be predicted, but their magnitudes are not comparable to BHM data. Given the detailed
modeling that has been conducted in order to calibrate the baseball bats to experimental
data, the model’ s prediction of relative difference in performance is not surprising. After
looking at the animation results of the impacts, it is clear that the problem lies with the
baseball model.

Although it appears to be an excellent avenue to incorporate actual test data into a
material model, the Mooney-Rivlin material model that is used to model rubber materials
does not appear to provide a realistic smulation of the nonlinear compression of the

baseball. Consider the screen captures of the deformation plots for the wood bat model,
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shown in Figure 5.10. After the ball begins to impact the bat, as shown in Plot 3, it
continues until it is aimost flat against the barrel and has wrapped itself around the barrel
of the bat in Plots 4 and 5. As the ball begins to rebound off the barrel of the bat, large
oscillations begin to appear, as shown in Plots 7-12. Similar results are seen with the
aluminum bat model. The deformation of the ball when it impacts the bat and the large
oscillations as it rebounds away from the bat are not seen in high-speed video of bat-ball

impact.
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Figure 5.10 — Deformation plots of batted-ball model with the wood bat.
(Plot #1 is the starting position. Plots 2 through 12 are in 0.00005-sec increments.)



90

6 CONCLUSIONSAND RECOMMENDATIONS

The collision between a baseball and a baseball bat is a highly dynamic and non
linear event. All of the aspects of the impact event cannot possibly be captured in the
first, second or even third generation of a finite element model. But as the modeling
progresses, conclusions can be reached that provide a foundation for future modeling
efforts. It is quite apparent that these finite element models can be used as a design tool
for future baseball bat designs, which most certainly includes composite bats, by using

the vast array of composite material modelsin LS-DYNA.

6.1 Conclusions

There were severa conclusions reached early on with preliminary models of the
BHM. As part of the validation of the BHM, there was little difference shown in the
batted ball velocity if the bat was given a purely rotational versus purely trandational
velocity towards the ball. There was however a dight difference in batted-ball velocity,
approximately 5% increase in the velocity if the bat was swing a full 290° towards the
ball versus if the bat was started at 0° in the “just touching” position before impact. At
the time though, there were definite computer hardware considerations to make, and that
the 5% difference could not justify the extra CPU run-time needed to model the bat with
afull 290° swing.

A credible methodology to validate the basebal bat and baseball models
independently was created that drasticaly increases the accuracy of the models and
provides a means to compare the finite element models to experimental data collected
through baseball bat testing with the BHM. Although the end result of the updated

modeling presented here showed that the Mooney-Rivlin material model is not suited for
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modeling the baseball, the relative performance between the wood bat and the aluminum
bats did correlate to BHM data reasonably well, but only over a time immediately before
to immediately after the bat-ball collision.

Using the relative performance as a design baseline, additional studies can and have
been made. For example, the contact time between the bat and ball during impact can be
guantified. The models can aso be used to investigate the effect on the ball exit velocity
that different properties of the bat may have, such as the location of the center of gravity,

weight of the bat, wall thickness and the diameter profile.

6.2 Recommendations

There are two magjor recommendations presented here for future modeling efforts.
The first involves damping. More research is suggested in quantifying the amount of
damping needed to add to the model and develop a procedure that is beyond the iterative
approach taken here. The amount of proportional damping present in the baseball bats
should be relatively straightforward to quantify with a more in-depth experimental modal
analysis. However, the amount of damping present in the baseball must be given careful
consideration. A comparison of calculated mode shapes to experimentally determined
mode shapes is a'so suggested as part of the damping study.

The second major recommendation involves the material model selected for the
baseball. The Mooney-Rivlin model, used for rubber materias, provided good results in
preliminary models when looking over a time period immediately before to immediately
after the bat-ball collision. But as the level of detail increased in the baseball bat and
baseball models, it has become apparent that the Mooney-Rivlin model does not seem to

provide an accurate measure of the baseball’s load versus deflection behavior when it is
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impacted with a bat. There may be other models in future releases of LS-DYNA that
provide a better representation of the non-linear aspects of the baseball. Another are of
development is that a user-defined material model could be implemented, after extensive

experimental characterization of the baseball.



7 APPENDICES

7.1 Automatic Time Step Information

FCONTROL

HCONTROL_TIMESTEP
Purpose: Set structural dme step size control using different options.

Card Format

Variahle ITINIT TREFAC TSLIMT IT2ZMS ERODE MSI1ST

Type

Deefault 08067

Card Format ( This card is optional).

Card 2 1 2 3

Wariahle DTIMEF

Type

Deelault not u=ed

MALIALELE 1 D

ITINTT Initial time step size:
EQOU0: LS-DYNA determines initial step size.

TSSFAC Scale factor for computed time step (old name SCFT). See Remark |
below. (Default = 20; i high explosives are used, the defaull is lowered 1o
BT

LE-DYNA  WVersion 960 TERINOONTROL)
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*CONTROL
MALLALELL T T L
1510 Basis of lime size caleulation for 4-node shell elements. 3-node shells use

TSLIMT

DT2MS

LCTM

ERODE

the shortest altitude for options 0.1 and the shortest side for oplion 2. This
option has no relevance 1o solid elements, which use a length based on the
element volume divided by the largest surface anea.
B0 characteristic length=area/iminimum of the longest side or the
longest diagonaly.
EQ.1: chamcteristic length=areaflongest diagonal ).
EQ.2: based on bar wave speed and MAX [shortest side,
areafiminimum of the longest side or the longest diagonal).]. THIS
LAST OFTION CAN GIVE A MUCH LARGER TIME STEP SIZE
THAT CAN LEAD TO INSTABILITIES IN SOME APPLICATIONS,
ESPECIALLY WHEN TRIAMGULAR ELEMENTS ARE USED.
EQ.3: timestep size is based on the maximum eigenvalue. This option
is okay for structural applications where the material sound speed
changes slowly, The calculational cost o determine the maximum
eigenvalue is significant, but the increase in the time step size often
allows for significantly sharter mn times without using mass scaling.

Shell element minimum time step assignment, TSLIMT. When a shell
controls the ime skep, element material properties (moduli gol masses) will
be modified such that the time step does not fall below the assigned step
size.  Applicable only o shell elements using material models
*MAT_PLASTIC_KINEMATIC, *MAT_POWER_LAW_PLASTICITY.
*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY, *MAT_PIECE-
WISE_LINEAR_PLASTICITY. The DT2ZMS oplion below applies to all
materials and element classes and may be preferred.

Time step size for mass scaled solutions, DT2MS. Positive values are for
quasi-stalic analyses or time history analyses where the inertial effects are
insignificant. Default = 000 IF negative, TSSFACHDTIMS is the
minimum time step size permitted and mass scaling is done if and only i it
is necessary tomeel the Courant ime step sive criterion. This laller option
can be used in transient analyses if the mass increases remain insignificant.
See *CONTROL_TERMINATION variable name “ENDMAS™.

Load curve I1 that limits the maximum ime step size (optional). This load
curve defines the maximum time step sive permitted versus time. I the
solution time exceeds the final time value defined by the curve the computed
slep size is used. If the ime step size from the load curve is exactly zero,
the computed tme step size is also used.

Erosion flag for solid and solid shell elements when DTMIN (see
FCONTROL_TERMINATION)S reached. I this flag is not sel the
caleulation will terminate:

EQO o,

EQL L yes,

TEZCCONTROL)
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*CONTROL

MALIARLE

1 D

MSIST

DTIMEF

Remarks:
I.  During

Limit mass scaling to the first step and fix the mass vector according (o the
ime steps once. The time step will not be fixed but may drop during the
calculation from the specified minimum:

EQO: no,

EQ.1: yes

Reduction {or scale) Factor for initial time step sire o determine the
minimum time step size permitted. Mass scaling is done if it is necessary o
meel the Courant ime step size criterion. 1T this option is used IXT2MS=
—DT2MSF multiplied by the initial ime step size, At before Al is scaled by
TSSFAC. This option is active if and only it DT2MS =0 abowve.

the solution we loop through the elements and delermine a new time step size by taking

the mini mum value over all elements.

where & is the number of elements. The time step size roughly corresponds (o the transient

time of an acoustic wave through an element using the shorlest chamcteristic distance. For

AP = TESFAC min] Af AL AL |

stability reasons the scale Factor TSSFAC is typically set to a value of .90 {default) or some

smaller
sime. V

value, To decrease solution lime we desire Lo use the largest possible stable time step
alues larger than 20 will often lead o instabilities. Some comments follow:

The sound speed in steel and aluminum is approximately Smm per microsecond;
therefore, if a stieel structure is modeled with elerment sizes of Smm, the computed me
step sive would be 1 microsecond. Elements made from materials with lower sound
speeds, such as foams, will give larger time step sizes. Avoid excessively small
elements and be aware of the effect of rotational inertia on the time step size in the
Belytschko beam element. Sound speeds differ for each material, for example,
consider:

AR 331 mis
WATER 1478
STEEL 5240
TTTANIUM 5220
PLEXIGLAS 2508

Muodel stilT components with rigid bodies, not by scaling Young's modulus which can
substantially reduce the time skep sine.

The altitude of the triangular element should be used to compute the time step size.
Using the shorlest side is okay only if the caleulation is closely examined for possible
instabiliies. This is controlled by parameter 1500,

LS-DYNA Ve

rion S0 TEITOONTROL)
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19. TIME STEP CONTROL

During the solution we loop through the elements to update the stresses and the right hand
side force veetor. We also determine a new time step size by taking the mininwm value over all
elements.

A = g min{ At Aty Al A ) (19.1)

where M is the number of elements. For stability reasons the scale factor o is typically set toa
value of .90 (default) or some smaller value.

19.1 Time Step Calculations for Solid Elements
A critical time step size, Mg, is computed for solid elements from

At = —L—I (19.2)
”Qﬂ@: +e?) ”
where ) is a function of the bulk viscosity coefficients Cp and Cy:
Ce+C L), faré, <0
Q=| 1 0~| Nl. . ﬂ' (19.3)
IU Jore, =0
L is a characteristic length:
& node solids: L - e

A

4 node tetrahedras: L. = mininwum altitude

u. is the element volume, Ag,,, is the area of the largest side, and ¢ is the adiabatic sound speed:

T
o £+B‘i]l (19.4)

I, dp

where p is the specific mass density. Noting that:

19.1
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P +i-"l] o (19.5)
‘p

a /l g e 7E |, dp Y

and that along an isentrope the incremental energy, E, in the units of pressure is the product of

pressure, p, and the incremental relative volume, dv:

dE = pdv (19.6)
we obtain
c=|3E B PV P (19.7)
3p, dpl p GE )

For elastic materials with a constant bulk modulus the sound speed is given by:

Ell-u)

= | (19.8)
(1+u)(l-2u)p
where E is Young's modulus, and v is Poisson’s ratio.
19.2 Time Step Calculations for Beam and Truss Elements
For the Hughes-Liu beam and truss elements, the time step size is give by:
A=t (19.9)
=
where L is the length of the element and ¢ is the wave speed:
c= . (19.10)
P

For the Belytschko beam the time step size given by the longitudinal sound speed is used (Equation
(19.9)), unless the bending-related time step size given by [Belytschko and Tsay 1982]

SL

At {19.11)

e 131 ;+Lﬂ
125+ 487 A7

is smaller, where I and A are the maximum value of the moment of inertia and area of the cross

section, respectively.

19.2
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Comparison of critical time steps of the truss versus the elastic solid element shows that it if
Poisson's ratio, v, is nonzero the solid elements give a considerably smaller stable time step size.
If we define the ratio, ce, as:

i [

o= = Lo =ﬂi|'31+“-'3“2“?', (19.12)

AL, 1-v

conlinwam

we obtain the results in Table 19.1 where we can see that as v approaches .5 o — 0.

T ] 0.2 0.3 0.4 0.45 0.49 0.50

i 1. 0.949 0.862 0.683 0.513 0.242 0.0

Table 19.1 Comparison of eritical time step sizes for a truss versus a solid element.

19.3  Time Step Calculations for Shell Elements
For the shell elements, the time step size is given by:

A, == (19.13)

(19.14)

Three user options exists for choosing the characteristic length. In the default or first option the

characteristic length is piven by:

B (1+ )4,
T omax(L, L. L (1- 8L

(19.15)

where i =0 for quadrilateral and 1 for triangular shell elements, Aq is the area, and Ly, (i= 1. ..4)

is the length of the sides defining the shell elements. In the second option a more conservative

value of Ly i1s used:

(454

g (19.16)
max( . )

193
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where I (i=1,2) is the length of the diagenals. The third option provides the largest time step size
and is frequently used when triangular shell elements have very short altitudes. The bar wave
spead. Equation (19.10), is used to compute the time step size and Ly is give by

1+ 34, .
L =n =T B4 ,111111[L,,.[:,L_E,L,+,fillil:“] (19.17)

, = 1max
max( L, L. L. (1= 3L,

A comparison of eritical time steps of truss versus shells is given in Table 19.2 with [} defined as:

rrg=£.‘w=£mf_= 11— (19.18)
A C
u a 0.2 0.2 0.4 0.5
f 1.0 098 0.954 0.817 0.866

Table 19.2 Comparison of critical time step sizes for a truss versus a shell element.

19.4 Time Step Calculations for Solid Shell Elemeénts
A critical time step size, Atg is computed for solid shell elements from

Af,=—=— (19.19)
o,
where v is the element volume, Agy,. is the area of the largest side, and ¢ is the plane stress

sound speed given in Equation (19.14).

19.5 Time Step Calculations for Discrete Elements
For spring elements such as that in Figure 19.1 there is no wave propagation speed ¢ to

calculate the eritical time step size.

, my=05M, : M =nodal mass
=

W

[ VY

my;=035M, : M;=nodal mass

Figure 19.1 Lumped spring mass system.

19.4
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The eigenvalue problem for the free vibration of spring with nodal masses mj and mg. and

ko =k]u, e 0 Jfew] [0 Lo
l—k klu: o m; || w _IUI (19-20)

Since the determinant of the charactistic equation must equal zero, we can solve for the maximum

stiffiness, k. is given by:

eigenvalue:

k—a'm, -k
-k k—w'm,

. Hm 4 m,)
=0 — :’u;l“=# (19.21)
1 r

Recalling the critical time step of a truss element:

(19.22)

(=]
ﬁ|,_>

and approximating the spring masses by using 1/2 the actual nodal mass, we obtain:
Ar=2|-M 1 (19.23)
my+m, k

Therefore, in terms of the nodal mass we can write the eritical time step size as:

2
At,=2 k;"'f‘lf-— (19.24)
| M, + M,

The springs used in the contact interface are not checked for stability.
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7.2 Damping Information

*DAMPING

FDAM

*DAMPING

The Keyword oplions in this section in alphabetical order are:
FDAMPING GLOBAL

FDAMPING PART _MASS

*DAMPING PART _STIFFNESS

FDAMPING RELATIVE

PING GLOBAL

Purpose: Define mass weighted nodal damping that applies globally o the nodes of deformable
bodies and 1o the mass center of the rigid bodies.

Card Format

Wariable

VALDMP

Type

Dl

Remarks

MNARIABLE ) D A

LCID Load curve I which specifies node systlem damping:

B0 a constant damping factor as defined by VALDMP is used.
EQun: system damping is given by load curve n. The damping foree
applied toeach node is f=-dil) mv, where dit) is defined by load corve n.

WALDMP System damping constant, d (this option is bypassed if the load curve

number defined above is non wero),

Scale Factor on global X ranslational damping fornces.

LS-DYNA  Version 960 2.1 (DAMPING)
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*DAMPING
MARIABLE DESCRIFIION

STY Seale factor on global v translational damping forces,
STE Secale factor on global z translational damping forces.
SRX Secale factor on global x rotational damping moments.
SRY Scale factor on global y rotational damping moments.
SR¥ Scale factor on global z rotational damping moments,

EBemarks:

I, This keyword is also used for the restart, see *RESTART.

2. If STN=STY=STZ=SRX=SRY=SRZ=0.0 in the input above, all six values are defaulted to
unity.

With mass proportional system damping the acceleration is computed as:

a'=M7 P-F -F:

[ .l

where, M is the diagonal mass matrix, P is the external load vector, F* is the internal load
vector, and F;;l._.', is the force vector due o system damping. This latter vector is defined as:

Fioy = Dy

The best damping constant for the system is usually based on the crilical damping factor for the
lowest frequency mode of interest.  Thenetonz,

is recormmmended where the natural frequency (given in radians per unit time) is generally taken
as the fundamental frequency of the structure. Note that this damping applies to both
translational and motational degrees of fmeedom.

Energy dissipated by through mass weighted damping is reported as system damping energy in
the ASCIHfile GLSTAT. This energy is computed whenever system damping is active.

B2 DAMPING) L5-DYNA  Version 0
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*DAMPING

FDAMPING PART MASS

Purpose: Define mass weighted damping by part 1D, Parts may be either rigid or deformable. In
rigid bodies the damping forces and moments act at the center of mass.

Card Format

1 2 3 4 k] [ 7 ]
Wariahle PID LD sF FLAG
Type 1 1 7 1
Diefault 0 0 1.0 4]

Card Format 1 This card is optional and is read if and only if FLAG=1. I this card
is not read STX. 5TY, STZ, SEX, SRY. and SRZ default to unity.)

Card 2 1 2 3 4 5 G 7 &
Wariahle STX STR ST SRX SRY SR
Type F F 4 F F F
Default 0o 00 0.0 0.0 0o 0o
NARIATELE [HESCIRI P eN
PID Part I, see *PART.
LCI Load curve 1D which specifies system damping for parts.
SF Scale factor for load curve, This allows a simple modification of the oad

curve values,

FLAG Sel this flag to unity if the global components of the damping forces reguire
separate scale factors.

STX Scale factor on global x translational damping forces.

LS-DYNA  Version 960 B3 (DAMPING)
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*DAMPING
MARIABLE DESCRIFIION

STY Seale factor on global v translational damping forces,
STE Secale factor on global z translational damping forces.
SRX Secale factor on global x rotational damping moments.
SRY Scale factor on global y rotational damping moments.
SR¥ Scale factor on global z rotational damping moments,

RBemarks:

Mass weighted damping damps all motions including rigid body motions. For high Prequency
oscillatory motion stiffness weighled damping may be preferred. With mass proportional
syslermn damping the acceleration is computed as:
B _ -1 i ]
a' =M P -F - F
where, M is the diagonal mass matrix, P is the external load vector, £ is the inlernal load
vector, and Fﬂi\'-? is the force vector due to system damping. This latter vector is defined as:

Fiwp = Dty

The best damping constant for the system is usually based on the critical damping factor for
the lowest frequency mode of interest.  Therefore,

is recornmended where the natural frequency (given in radians per unit lime) is generally taken
as the fundamental frequency of the structure. The damping is applied to both translational and
rotational degrees of freedom. The component scale factors can be used o limit which global
components see damping forces.

Energy dissipated by through mass weighted damping is reported as system damping energy in
the ASCI file GLSTAT. This energy is compuled whenever system damping is active.

B4 DAMPING) L5-DYNA  Version 0
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*DAMPING

FDAMPING PART STIFFNESS

Purpose: Assign Rayleigh stiffness damping coefTicient by part 1.

Card Format

1 2 3 4 k] <] 7 ]
Yariahle PID COEF
Type 1 1
Dizfanlt
MARIATELE IMESCRIPTION
PID Part 1D, see *PART.

COEF Rayleigh damping coefficient for stiffness weighted damping. Values
between 0.01 and 0.25 are recommended. Higher values are strongly
discouraged, and values less than 0.01 may have little effect.

|i£‘ll]i!l2|1i*-3

The damping matrix in Rayleigh damping is defined as:
C=aM+3K

where C. M. and K are the damping. mass, and stiffness matrices, respectively. The
constants ¢ and [ are the mass and stiffness proportional damping constants. The mass
proportional damping can be (reated by system damping. see keywords:
*DAMPING_GLOBAL and DAMPING_PART_ MASS. Transforming C with the ith
elgenvector o, pives:

O, =0l (oM + BK ), =0+ Bl = 2,5,

where o) is the ith frequency (radiansfunit time) and  is the cormesponding modal damping
parameler.

Cenerally, the stiffness proportional damping is effective for high frequencies and is
orthogonal to rigid body motion.  Mass proportional damping is more effective for low
frequencies and will damp rigid body motion. [Lglarge value of the stiffness based damping
coe[Ticient js ueed, §1may b pecgss; d ATESF anly. This must be
done manually by reducing the time step scale factor on the *CONTROL_TIMESTEP control
card. Since a good value of [ is not easily identified. the coefficient, COEF, is defined such
that a value of .10 roughly corresponds to 10% damping in the high frequency dormain.
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*DAMPING

Energy dissipated by Rayleigh damping is computed if and only if the flag, RYLEN, on the
control card, *CONTROL_ENERGY is sel to 2. This energy is acummulated as element
internal energy and is included in the energy balance. Inthe GLSTAT file this energy will be
lumped in with the internal energy.

2.6 DAMPING
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*DAMPING
FDAMPING RELATIVE
Purpose: Apply damping relative o the motion of a rigid body.
Card Format
1 2 3 4 k] <] 7 ]
Yariahle CDAMP FREQ PIDRB PsID
Type F F ; I
Dizfanlt 0 0 0 0
MARIABLE DESCRIFIION
CDAMP Fraction of crilical damping.
FREQ Frequency al which CDAMEP is to apply (cycles per unil lime, e.g. Hz il
dme unit is seconds).
PIDRE Part 1T of rigid body, see *PART. Motion relative to this rigid body will be
darmped.
PRI Part set 1D, The requested damping is applied only 1o the parts in the set.
RBemarks:
1. This feature provides damping of vibrations for objects thal are moving through space. The

vibrations are damped. bul not the rigid body motion. This is achieved by calculating the
velocity of each node relative to that of a rigid body, and applying a damping force
proportional to that velocity. The forces are reacted onto the rgid body such that overall
momentum is conserved. It is inlended that the rigid body is embedded within the moving
object.

-

Vibrations at frequencies below FREQ are damped by more than CDAMP, while those at
frequencies above FREQ are damped by less than CDAMP. It is recommended that FREC) be
sel to the frequency of the lowwest mode of vibration.
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7.3 Mooney-Rivlin Material Model I nformation

FMAT MOONEY-RIVLIN RUBBER

MAT MOONEY-RIVLIN_RUBBER
Thiz is Material Type 27. A two-parametric material model for rubber can be defined.
Card Format

Card |

Wariahle

Type

MATLIATELE 1 O

MID Malterial identification. A unique number has o be chosen.
RO Mass density.
PR Poisson’s matio (= 49 is recommended, smaller values may not work).
A Constant, see literature and equations defined below,
B Constant, see literature and equations defined below.
Use reference geomelry 1o initialize the stress tensor.  The relerence
geomelriy is defined by the keyword: *INITIAL_FOAM_REFERENCE_
GEOMETRY. This oplion is carrently restricted to &-noded solid elements
with one point integration.

EQ.O.00 off,
EQULOD on.

If A=B=00, then a least square fit is computed from tabulated uniaxial data via a load curve. The

following information should be defined.

SGL Specimen gauge length I see Figure 20, 10
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*MAT “MAT MOONEY-RIVLIN RUBBER
MARIABLE DESCRIFIION
W Specimen width, see Figure 20, 10
8T Specimen thickness, see Figure 20, 10,

LCI Load curve 11, see *DEFINE_CURVE, giving the force versus actual
change AL in the gauge length. See also Figure 20011 for an allernative
delinition.

Eemarks;

The strain energy density function is defined as:

W=Al 1-3) + Bi 137 + G112 -1y + D I-1)2

where
C=05A+18
e AlSu _?'H' ) I.I u—5)
21 -2u)
" = Poisson’s ralio

2(A+E) = shear modulus of linear elasticity
LI I = invariants of right Canchy-Green Tensor O

The load curve definition that provides the uniaxial data should give the change in gange
length, AL, versus the corresponding force. In compression both the foree and the change in gange
length must be specified as negalive values. Intension the force and change in gange length should
be input as positivee values. The principal streteh ratio in the uniaxial direction, 41, is then given by

A= E;.—\L

with Ly being the initial length and L. being the actual length.

Alternatively, the stress versus strain curve can also be inpul by sefting the gange length,
thickness, and width to unity (1.0) and defining the engineering strain in place of the change in
pange length and the nominal fengineering) stness in place of the force, see Figune 20011,

The least square fit to the experimental data is performed during the initialization phase and is
a comparison between the Tt and the actual input is provided in the printed file. It is a good idea 1o
visually check to make sure it is acceptable. The coefficients A and B are also printed in the output
file. Il is also advised 1o use the material driver (see Appendix H) for checking out the material
model.
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MAT MOONEY-RIVLIN RUBBER *MAT

2auge
length Foree

A gange length

Af

! Secti

width

21y Uniaxial specimen for experimental data.

appiied force  F
[nitia! area A

change in gauge lengih =iL
povige fength L

Figure 24.11 The stress versus strain curve can used instead of the force versus the change in the
pauge length by setting the gauge lengih, thickness, and width o unity (1.0) and
defining the engineering strain in place of the change in gauge length and the
nominal (engineering ) stress in place of the force,
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Material Type 27: Incompressible Mooney-Rivlin Rubber

This material model, available for solid elements only, provides an alternative to the Blatz-
Ko rubber model. The implementation is due to Maker [private communication]. The strain
energy density fimetion is defined as in terms of the input constants 4, £, and v as:

W(ILL. 1) = (I, —3)+ B, - 3) + q%—m DL —1) (16.27.1}

]

where
C=5*4+B (16.27.23)

D= A(5u-2)+ B (Nu-5)

(16.27.2b)
2 (1-2u)

1 = Poisson’s ratio
C=2{A+B) = shear modulus of linear elasticity

I, 1.0, = strain invariants in terms of the principal stretches
L=4 + 58 + 54
I = 84347

Recommended values for Poisson’s ratio are between 490 and .495 or higher. Lower values may
lead to instabilities. In the derivation of the constants C and D incompressibility is assumed.

The derivation of the constants C and D is straigthforward [Feng, 1993] and is included

here since we were unable to locate it in the literature. The principal components of Cauchy stress,
o7, are given by [Ogden, 1984]

For uniform dilation

thus the pressure, p, is obtained ( please note the sign convention ),

16.47
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2 x, f N )
== pLLANPTTELLAR A“?—W
A | i, ol

The relative volume, ¥, can be defined in terms of the stretches as:

eyl new volume
old volume

For small volumetric deformations the bulk modulus, £, can be defined as the ratio of the pressure
over the volumetric strain as the relative volume approaches unity:

k=t 555)

The partial derivatives of W lead to:

w_,
il
aw_
.
W
al,

= -2017 +2D(1,-1) = -2CA™ +2D{A° - 1

il

p== [A}? +2135 + ?F’[—zc?:'“ +2D(3f - 1]”

20 . . 3 / )
=7{A.~'? +2itp 2001 v 2 (a2 b |}
'S L i
In the limit as the stretch ratio approaches unity, the pressure must approach zero:
limp=0
bl P
Therefore, 4+28-2C=10 and

nO=054+8

To solve for D we note that:

{,ﬂz +2xtg 200712 +2D(A12 -8 ]}

.‘*‘:_,I [}

]

K= 11'111[ £ ]= lim -
A=l =1

Fall F—1
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lim A% +20t -2t 2 -3
ey ° -7
lim 24% +8&83B+2407 +2p(12211 - 627}
=2 A !
A=l 6 — 32

2 2, .
=T[2A‘+SB+24{"+12D]= EI_MA‘ +32B+ 1200

We therefore obtain:

Fi \

3

144+4+32B+120=—K=—

260 +u) | 204+ Bl +u)
3(1-2u) J_ i1-2u)

3
R
Solving for 12 we obtain the desired equation:

D=AI:S:'—2_I+E'[H:'—S]
2(1-2u)

16,49




7.4 LS-DYNA COR test input deck

* KEYWORD
*TI TLE
New COR nodel with ball 18" from bl ock

$$ HM QUTPUT_DECK created 22: 30: 32 04- 08-2003 by Hyper Mesh Version 5.1

$$ Cenerated using Hyper Mesh-Ls-dyna Tenpl ate Version : 5.1-3
* CONTROL_TERM NATI ON

$$ ENDTIM  ENDCYC DIMN  ENDENG  ENDMAS
0. 06 0 0.0 0.0 0.0

* CONTROL_TI MESTEP

$$ DTINT  TSSFAC ISDO  TSLIMT DT2MS LCTM
0.0 0.9 0 0.0 0.0 0

* CONTROL_CONTACT

$$ SLSFAC ~ RWPNAL  ISLCHK  SHLTHK  PENOPT  THKCHG
0.1 2 0 1 1

$$ USRSTR  USRFRC NSBCS | NTERM XPENE SSTHK

0 0 10 0 4.0 0

* DATABASE_BI NARY_DBPLOT

$$ DI/ cYQL LcoT BEAM NPLTC

5. 0000E- 05 0 0 0

* NCDE

118. 15337106317520. 70675272349013- 0. 1533504915022
2-1.33333333333330. 27272727272727-0. 1818181818181
3-1.33333333333330. 272727272727270. 18181818181818

$
$ Node listing...
$
* MAT_ORTHOTROPI C_ELASTI C
$HWNAVE NMATS 2ortho wood
26. 5350E 05 1907000.0 902000.0 178300.0 0. 027
102200. 0 342300.0 138000.0 0.0

*MAT_MOONEY- RI VLI N_RUBBER

$HWAME MATS 1bal |
16. 4700E 05 0. 49 0.0 0.0
2.4 2.4 2.4 2
* PART
$HWAME COWPS 1t hesi s_bal |
$HMCOLOR COWPS 1 1
1 1 1
* DAMPI NG_PART_MASS
1 1 2.0
* PART
$HWANME COVPS 2bl ock
$HMCOLOR COWPS 2 2
2 2 1
* DAMPI NG_PART_IVASS
2 1 3.5
* SECTI ON_SCLI D
$HWAME PROPS 2sol i d_bl ock
2 1
$HWNAME PROPS 1sol i d_ball
1 1
*ELEMENT_SOLI D
1 1 982 973 976 981 781
2 1 764 982 981 752 780
3 1 981 976 967 979 768
$
$ Elenment listing...
$
* CONTACT_AUTOVATI C_SURFACE_TO_SURFACE
$HWANME GROUPS 1i npact
$HMCOLOR GROUPS 1 7

1 2 3 3 0 0

782
781
771

ERCDE

ORI EN
ECDT

0. 044

771
768
772
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VMBI ST

ENVASS

TI EDPRJ

0. 067

0.0

768
779
770



0.0 0.0 0.0 0.0
20.0 20.0 0.0 0.0
* BOUNDARY_SPC_NCDE
$HWAME LQOADCOLS lautol. 1
$HMCOLOR LQADCOLS 1 1
3052 0 1 1
3053 0 1 1
3058 0 1 1
$
$ Boundary condition listing...
$
*| NI TI AL_VELOCI TY_NCDE
$HWAME LQADCOLS 2aut ol
$HMCOLOR LOADCOLS 2 1
1 -1056.0 0.0 0.0
4 -1056.0 0.0 0.0
5 -1056.0 0.0 0.0
$
$ Initial velocity listing
$
* DEFI NE_CURVE
$HWAME CURVES 2curvel
$HMCOLOR CURVES 2 1
$HMCURVE 1 1 LoadCurve?2
2 0 1.0 1.0
$
$ Define | oad-deflection curve for ball...
$
* DEFI NE_CURVE
$HVNAME CURVES 1LoadCur ve5
$HMCOLOR CURVES 1 1
$HMCURVE 1 1 LoadCurve5
1 0 1.0 1.0
0.0 1.0
1.0 1.0
$
$ Load curve for danping...

$
*END

o
o O

[N

R

0.0

e

0.0

0.0

0.0
1.0

[N

R

1. 0000E+20
1.0

N
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7.5 LS-DYNA -3 aluminum bat model input deck

$This is a -3 bat nodel with a detailed cap.

$The bat is neshed with thick shells (8 noded bricks)

$The bat is broken down into 4 diffrent parts - the barrel, throat, handl e and
$accurate wal |l thickness maintained by ruled mesh with nodes instead of |ines.
* KEYWORD

*TI TLE

- 3 XO00OKXXX 34"

$$ HM QUTPUT_DECK created 03:07:27 04-17-2003 by Hyper Mesh Version 5.1

$$ Cenerated using Hyper Mesh-Ls-dyna Tenplate Version : 5.1-3

* CONTROL_TERM NATI ON

$$ ENDTIM ENDCYC DTM N ENDENG ENDVAS
0. 005
* CONTROL_TI MESTEP
$$ DTINT TSSFAC 1 SDO TSLI MI DT2NVS LCTM ERCDE MSI ST
0.0 0.9 0 0.0 0.0 0 0 0
* CONTRCL_CONTACT
$$ SLSFAC RWPNAL | SLCHK SHLTHK PENCPT THKCHG ORI EN ENVASS
0.1 2 0 1 1 1
$$ USRSTR USRFRC NSBCS | NTERM XPENE SSTHK ECDT Tl EDPR]
0 0 10 0 4.0 0 0
* DATABASE_BI NARY_D3PLOT
$$ DT/ CYyCL LCDT BEAM NPLTC
5. 0000E 05 0 0 0
* NCDE
133. 5000000049012- 0. 2238416235478- 1. 1253278340436
2 32. 625 1.304 0.0
3 30. 625 1.196 0.0
$
$ Node listing...
$
*MAT_ELASTI C
$HWNANME MATS lur et hane
17. 5000E 05 300000.0 0.4
*MAT_ELASTI C
$HWAME MATS 3al _knob
33. 8820E 0410500000. 0 0.33
* MAT_ORTHOTRCPI C_ELASTI C
$HWAME MATS 4ortho wood
46. 5350E 05 1907000. 0 902000.0 178300.0 0. 027 0. 044 0. 067
102200. 0 342300.0 138000.0 0.0
0.0
* MAT_PLASTI C_KI NEMATI C
$HWNAME MATS 2al um num
22. 8986E 0410500000. 0 0.33 90000. 0 7500.0 0.5
* MAT_MOONEY- Rl VLI N_RUBBER
$HWNAME MATS 5bal |
56. 4700E 05 0.45 0.0 0.0
1.5 1.5 1.5 1
* PART
$HWAME COWPS lbarrel
$HMOCOLOR COWPS 1 9
1 2 2
* DAMPI NG_PART_MASS
1 2 3.5
* PART
$HWNAMVE COWPS 2t hr oat
$HMCOLOR COWPS 2 8
2 2 2

* DAMPI NG_PART_NMASS
2 2 3.5
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* PART
$HWNAME COVPS 3handl e
$HMCOLOR COWPS 3 7
3 2 2
* DAMPI NG_PART_MASS
3 2 3.5
* PART
$HWAME COWPS 4knob
$HMCOLOR COWPS 4 1
4 2 3
* DAMPI NG_PART_VASS
4 2 3.5
* PART
$HWAME COWPS 5cap
$HVOOLOR COWPS 5 14
5 1 1
* DAMPI NG_PART_MASS
5 2 3.5
* PART
$HWAME COVPS 6ribs
$HMOOLOR COWPS 6 10
6 1 1
* DAMPI NG_PART _MASS
6 2 3.5
* PART
$HWAME COVPS 7t hesi s_bal |
$HMCOLOR COWPS 7 1
7 4 5
* DAMPI NG_PART_MASS
7 2 2.0
*SECTI ON_SOLI D
$HWNAME PROPS 1solid_cap
1 1
$HWAME PROPS 4solid_ball
4 1
* SECTI ON_TSHELL
$HWAME PROPS 2t hi ck_shel |
2 1 0.833333 2 1.0 0.0 0
*ELEMENT_SOLI D
4841 5 60 7821 7866 92 3135 7657 7749 3138
4842 5 7821 7887 7874 7866 7657 7746 7747 7749
4843 5 92 7866 7867 61 3138 7749 7745 3141
$
$El enent listing...
$
* ELEMENT _TSHELL
1 1 3137 3134 3133 3136 134 79 59 91
2 1 3138 3135 3134 3137 92 60 79 134
3 1 3140 3137 3136 3139 132 134 91 63
$
$ Elenent listing...
$
* CONTACT_AUTOVATI C_SURFACE_TO_SURFACE
$HWAME GROUPS 1i npact
$HMCOLOR GROUPS 1 7
1 7 3 3 0 0 0 0
0.0 0.0 0.0 0.0 20.0 0 0. 01. O000E+20
20.0 20.0 0.0 0.0 1.0 1.0 1.0 1.0
*I'NITI AL_VELOCI TY_NCDE
$HWAME LQADCOLS laut ol
$HMOOLOR LOADCOLS 1 1
144 0.0 1232.0 0.0
143 0.0 1232.0 0.0



142 0.0 1232.0 0.0
$
$ Initial velocity listing...
$
* DEFI NE_CURVE
$HWAME CURVES lcurvel
$HVCOLOR CURVES 1 1
$HMCURVE 1 1 LoadCurve2

1 0 1.0 1.0

$

$ Define | oad-deflection curve for ball
$

* DEFI NE_CURVE

$HWAME CURVES 1LoadCur ve5
$HVCOLOR CURVES 1 1
$HVCURVE 1 1 LoadCurve5
2 0 1.0 1.0
0.0 1.0
1.0 1.0
$
$ Load curve for danping...
$

*END

0.0

0.0

0.0
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7.6 LS-DYNA Implicit input deck for modal analysis

* KEYWORD
*TI TLE
Wyod bat (ortho) with MR ball

$$ HM OQUTPUT_DECK created 23:14:12 03-11-2003 by Hyper Mesh Version 5.1

$$ Generated using Hyper Mesh-Ls-dyna Tenpl ate Version :

* CONTROL_TERM NATI ON

$$ ENDTIM  ENDCYC DTIMN  ENDENG  ENDMAS
1.0

* CONTROL_| MPLI O T_El GENVALUE

$$  NEIG  CENTER LFLAG  LFTEND RFLAG  RHTEND
20

* CONTRCL_| MPLI O T_GENERAL

$$ | MFLAG DT0 | MFLAG NSBS | GS CNSTN

1 1.0

* NCDE
1 34.07. 2064216570E- 15 -0.688
2 34.0 -0.263286201467 -0. 635629118367

$

$ Node and el enent listing...

5.1-3

El GVIH

FORM

SHFSCL
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