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I sent in another fast ball.  I watched it head straight for the plate.  I saw him go 

into a sudden crouch, and in the fraction of a second before he hit the ball, I 

realized he had anticipated the curve and was deliberately swinging low… 

 

I saw it coming at me, and there was nothing I could do.  It hit the finger section 

of my glove, deflected off, smashed into the upper rim of the left lens of my 

glasses, glanced off my forehead, and knocked me down.  I scrambled around 

for it wildly, but by the time I got my hand on it, Danny Saunders was standing 

safely on first. 

 

I heard Mr. Galanter call time, and everyone on the field came racing over to 

me.  My glasses lay shattered on the asphalt floor, and I could feel a sharp pain 

in my left eye when I blinked.  My wrist throbbed, and I could feel the bump 

coming up on my forehead… 

 

I saw Mr. Galanter put his face next to mine.  It was sweaty and full of concern.  

I wondered what all the fuss was about.  I had only lost a pair of glasses, and 

we had at least two more good pitchers on the team.  “Are you alright, boy?”  

Mr. Galanter was saying.  He looked at my face and forehead.  “Somebody wet 

a handkerchief with cold water!”  I wondered why he was shouting.  I saw Davey 

Cantor run off, looking frightened.  I heard Sidney Goldberg say something, but 

I couldn’t make out his words… 

 

- Chaim Potok, ‘The Chosen’ 

 



 

 

ABSTRACT 

 

Ball-impact injuries in baseball, while relatively rare, have the potential to be 

catastrophic.  These injuries are primarily attributed to impact by the ball after it 

has been hit, pitched or thrown.  As the closest infielder to the hitter, the pitcher 

is at greatest risk of being struck by the batted ball.  This thesis investigated the 

influence of bat and ball design on ball exit velocity (BEV) and the potential for 

impact injury to pitchers. 

 

Finite element analysis (FEA) was used to quantify the dynamics of bat-ball 

impact for bats of various moment of inertia and baseballs with different 

mechanical properties.  The analysis was conducted using ANSYS/LSDYNA 

explicit dynamics software.  To replicate a typical bat-ball impact in the field, the 

model required input of bat linear and angular velocity and orientation in three-

dimensional (3-D) space, at the instant prior to impact.  This data was obtained 

from 3-D kinematic analysis using two high-speed video cameras operating at 

200 Hz.  Seventeen high-performance batters used a wood bat and a metal bat 

of equal length and mass to hit baseballs thrown by a pitcher.  Hitters 

developed significantly higher resultant linear velocity for both the proximal 

(38.3 ± 1.8 ms-1) and distal (8.1 ± 1.8 ms-1) ends of the metal bat (compared 

with 36.4 ± 1.7 ms-1 and 6.9 ± 2.1 ms-1 respectively for the wood bat).  They 

also achieved a significantly more “square” bat position just prior to impact with 

the ball (264.3 ± 9.1 deg compared with 251.5 ± 10.4 deg).  These factors are 

important in transferring momentum to the batted ball.      

 

Mathematical description of the large-deformation material behaviour of the 

baseball was also required for this analysis.  Previous research is limited to 

compression tests to 10 % of ball diameter, despite conjecture that during 

impact with the bat, the ball might deform to 50 % of its original diameter.  

Uniaxial quasi-static compression tests on seven models of baseballs 

investigated baseball behaviour during deformation to 50 % of ball diameter. 

The resulting force-displacement relationship was highly non-linear.  Hence 
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FEA was used to derive and verify a relationship to describe the time-

dependent and elastic behaviour of the ball during the 1 ms period typical of 

bat-ball impact. 

 

The results of the bat-ball impact analysis indicated that for hits made at the 

point of maximum momentum transfer on the bat, the metal bat produced 

greater BEV than the wood bat (61.5 ms-1 and 50.9 ms-1 respectively).  The 

higher BEV from the metal bat was attributed to greater pre-impact bat linear 

velocity, and bat orientation during impact.  The more perpendicular horizontal 

orientation of the metal bat at the instant of impact resulted in a greater 

proportion of resultant BEV being directed in the global x-direction (toward the 

pitcher), compared with the wood bat.  This indicates increasing bat moment of 

inertia (the relative mass of the bat barrel) may be a potential control strategy 

for BEV.  BEV was also reduced for impacts using a baseball with values for 

instantaneous shear and relaxed modulii approximately 33 % less (9.9 % 

reduction in BEV for metal bat, 9.7 % for the wood bat).  
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1 CHAPTER 1 

 

  PREFACE 

 

 

The financial cost and morbidity from sports injuries are major public health 

concerns (Cheng, Fields, Brenner, Wright, Lomax & Sheidt, 2000).  Baseball is 

generally considered a safe sport, entailing low risk of injury due to the non-

contact nature of the game (NCAA News, September 1, 1997; pg 8).  However, 

baseball (and softball) has recently been shown to cause more injuries requiring 

emergency room attention in the United States than any other sport (Adler & 

Monticone, 1996; Janda, Viano, Andrzejak & Hensinger, 1992; Mueller, 

Marshall & Kirby, 2001).  Adler and Monticone (1996) reported 77 % of fatalities 

in baseball are due to impact from the batted, pitched or thrown ball.  The 

pitcher is the closest infielder to the hitter and therefore at greatest risk of being 

struck by the batted ball.  Viano, Andrzejak, Polley and King (1997) indicated 

such impact injuries are the leading cause of on-field deaths among baseball 

pitchers.  This thesis addresses the risk to pitchers of impact injury from balls hit 

by wood and metal baseball bats. 

 

Reduction in the incidence and severity of impact injuries not only requires 

understanding of the biomechanical mechanisms underlying trauma, but also 

rigorous quantification of equipment performance to establish the risk of such 

an injury occurring.  Wooden bats have been used in baseball since the game 

originated in the early nineteenth century.  Professional players still exclusively 

use these bats.  More durable metal bats were introduced into baseball in 1972, 

and are now in worldwide use in most amateur, college and youth baseball 

leagues.  Seventy-five percent of ball-related injuries to Little League baseball 

pitchers are due to impact from the batted ball (Mueller et al., 2001).  In 1998, 

375 National Collegiate Athletic Association (NCAA) Division I pitchers were 

struck by the ball, with 11 % requiring medical treatment (Dick, 1999).  So while 

relatively rare, the catastrophic nature of impact injuries to pitchers in these 

non-professional leagues has provoked concern over the performance potential 

of metal bats (Dick, 1999; Fleisig, Zheng, Stodden & Andrews, 2002; 

1 



Greenwald, Penna & Crisco, 2001).  Such injuries are also reported to occur in 

professional baseball (Baum, 1998; Bowman & Zoss, 1989; Muskat, 2001; 

Zagelbaum, Hersh, Donnenfeld, Perry & Hochman, 1994), indicating the 

problem is not confined to junior or amateur leagues. 

 

Ball exit velocity (BEV) is the product of multiple factors, including bat design 

and pre-impact velocity, pitch speed and ball material properties, and impact 

location.  Metal bats have consistently outperformed wood bats when 

performance is measured by BEV (Bryant, Burkett, Chen, Krahenbuhl & Liu, 

1979; Greenwald et al., 2001).  During a high-speed impact, the baseball may 

be in contact with the bat for as little as 1 ms, a period far less than vibrational 

response times reported for wood or metal bats in either field or laboratory tests 

(Adair, 1997; Noble, 1998).  Factors beside bat material properties, such as the 

linear velocity of the impact point, therefore affect BEV from each bat type.  

While experimental studies by Fleisig et al. (2002) and Greenwald et al. (2001) 

have shown the mass distribution differences evident between wood and metal 

bats affects the bat linear velocity at impact, these studies were not restricted to 

bats of identical length and mass.  Similarly, bat orientation at impact, which 

affects the exchange of energy between bat and ball (Hay, 1993), has never 

been quantified.  In this thesis, direct comparison of the performance of wood 

and metal bats of identical length and mass was undertaken.  The linear and 

angular velocity and 3-D orientation of each bat at the instant of impact was 

quantified as input for finite element analysis of the bat-ball impact. 
 

While much attention has previously been devoted to the role of metal bats in 

production of BEV, this thesis now provides a rigorous mathematical 

approximation of the dynamic material characteristics of baseballs.  

Experimental and numerical methods were employed to characterise the 

relaxation and dynamic behaviour of the ball during impact.  From this research, 

objective conclusions may be drawn about the efficacy of manipulating ball 

strain-rate dependent properties to reduce BEV, as proposed by Heald (1999). 

 

This thesis uses numerical methods to approximate the maximum BEV 

generated from wood and metal baseball bats when swung by high-

performance batters in a field situation.  Bat performance is currently tested 
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experimentally, using robotic hitting machines which swing the bat in a 

horizontal plane at 29.3 ms-1 against a ball projected at the same velocity 

(NCAA news release, September 29, 1999).  Such devices, designed for 

simplicity and repeatability, may not truly reflect the performance capabilities of 

a bat when swung by a hitter.  While specific to the bats, balls and players used 

in this study, the numerical model developed in this thesis accounts for the 

kinematics of bat motion and the time-dependence of ball behaviour, and 

provides further insight into the performance capabilities of bats and balls in the 

field.     
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2 CHAPTER 2 
 

REVIEW OF LITERATURE 
 

 

"It was very unfortunate...I hit the ball extremely hard and he had no chance to 

get out of the way."   

 

- Chicago White Sox hitter Frank Thomas after hospitalising Cleveland pitcher 

Steve Woodard on April 4, 2001  

(Muskat, 2001).  

 

* * * * * * * * 

 

 

The following review of literature provides background information pertinent to 

this investigation.  The first section contains a review of ball-related impact 

injuries to baseball pitchers.  This includes the incidence and morbidity of these 

injuries and the relationship to performance of bats and balls.  Background is 

provided of the finite element method and its use in quantifying baseball 

equipment behaviour.  An overview of experimental and numerical studies that 

have examined the performance of baseball bats and balls is presented.   

 
 
2.1 BALL-RELATED IMPACT INJURIES TO BASEBALL PITCHERS 
 
2.1.1 Incidence and morbidity of impact injuries in baseball 
 

Baseball is amongst the most popular team-sports in the world.  In 1998, 19 

million people, including 4.8 million children aged 5 - 14 years, participated in 

organised games in the United States (Viano, Andrzejak & King, 1992).  

Globally, 120 countries engage in various levels of competitive baseball 

(Osinski, 1999).  While baseball is generally regarded as a safe non-contact 

sport, baseball (and softball) is responsible for the highest rate of sporting 

fatalities in 5 - 14 year old children in the United States (Rutherford, Kennedy & 
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McGhee, 1984).  Eighty-eight deaths in this age group were reported between 

1973 and 1995 (Adler & Monticone, 1996).  However the prevalence of 

catastrophic injury and death among high school and collegiate baseball 

participants is lower.  This may be a reflection of the smaller number of 

participants at this level.  For the period 1983 - 2001, the National Centre for 

Catastrophic Sports Injury Research recorded 38 catastrophic injuries (including 

eight fatalities) among approximately 7.6 million high school baseball players.  

This equates to a fatal direct injury rate of 0.1 per 100,000 participants.  Eight 

catastrophic injuries (including three fatalities) were recorded for 400,000 

collegiate players, a fatal injury rate of 0.71 per 100,000 participants. 

 

Baseball (and softball) cause more injuries requiring hospital attention in the 

United States than any other sport.  Zagelbaum, Hersh, Donnenfeld, Perry and 

Hochman (1994) estimated baseball causes 900,000 injuries requiring hospital 

treatment each year.  While Mueller et al. (2001) identified 29,038 injuries in 

Little League baseball from compensated insurance claims in 1987 – 1996, 

Rutherford et al. (1984) documented 86,500 injuries requiring emergency 

attention to 5 - 14 year old players in 1983 alone.  The US Consumer Protection 

and Safety Commission (CPSC) recorded more than 2.6 million injuries 

presenting at emergency rooms after participation in baseball or softball 

between 1983 and 1989 (Viano, McCleary & Andrzejak, 1993).  The extent of 

non-hospitalisation injuries and those occurring to players in recreational play is 

unknown.      
 

Impact injuries form a major proportion of these documented injuries.  While 

most injuries are not considered severe, sixty-seven deaths from impact by the 

batted, pitched or thrown ball were recorded between 1973 and 1995 (Adler & 

Monticone, 1996).  The CPSC reported 14 fatalities in children from impact by a 

baseball in 1994 - 5 (Van Amerongen, Rosen, Winnik & Horwitz, 1997).  The 

incidence of acute impact injuries to junior players may be as high as 62 %, of 

which injuries 68 % were suffered by defensive (fielding) players (n = 2861 Little 

League players) (Pasternack, Veenema & Callahan, 1996).   
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2.1.2 Impact injuries to baseball pitchers 
 

As the closest infielder to the hitter, the pitcher is at greatest risk of impact by 

the batted ball.  Such injuries and their consequences have been documented 

throughout the history of the game.  Their relative rarity has been somewhat 

offset by the severity of the injuries and their long-term consequences.  

Bowman and Zoss (1989) described four famous incidents in professional 

baseball.  During the 1937 All-Star game, Hall of Fame pitcher Jay "Dizzy" 

Dean suffered a blow on the foot from a ball hit directly at him.  Dean changed 

his delivery style to favour his injured toes and the alteration resulted in 

permanent injury to his pitching arm, his average number of wins per season 

falling from 25 to just four.  Cleveland's Herb Score was struck in the right eye in 

1957.  He had been the American League Rookie of the Year the previous 

season, but never recovered from the injury and won only 19 games in the 

subsequent five years of his career.  Legendary batter Hank Greenberg hit a 

“linedrive” at Jim Wilson during the 1940s, fracturing his skull.  Wilson and Hall 

of Fame pitcher Bob Gibson each had a leg broken in the same manner during 

their careers.  High-profile professional pitchers continue to be victims of these 

impacts.  New York Yankees pitcher Andy Pettite was hit in the right leg and the 

right knee within three weeks in April 1998, and was struck in the face in 1997.  

Three Anaheim Angels pitchers were hit in the wrist, heel and elbow 

respectively in 1997, and Florida's Eric Ludwick suffered a fractured arm (Baum, 

1998). 
 
Injuries from ball impact are not restricted to professional pitchers facing 

powerful, highly trained hitters.  Impact injuries are recognised as the leading 

cause of on-field deaths among junior and collegiate baseball pitchers (Adler & 

Monticone, 1996; Viano, Andrzejak & King, 1992).  Seventy-five percent of ball-

related injuries to Little League baseball pitchers are attributed to impact from 

the batted ball, and such injuries constitute 20 % of all injuries in youth baseball 

(Mueller et al., 2001).  However, NCAA statistics suggest the incidence of 

collegiate pitchers struck by batted-balls has remained around 3 % of all game-

related injuries since the introduction of metal bats in 1972.  Approximately 
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21,000 players participate in collegiate baseball per year (McFarland & Wasik, 

1997).  In 1998, 375 Division I collegiate baseball pitchers were struck by batted 

balls, of whom 30 % missed at least one week of play and 11 % required 

medical attention (Dick, 1999).  At the 2000 NCAA Baseball championships, two 

pitchers were hit in the face by batted-balls within four days, one requiring 

surgery for a jaw broken in three places (Stapleton, 2000).   

 
Approximately half of the fatalities to baseball pitchers are caused by impact to 

the head (Viano et al., 1992).  Pasternack et al. (1996) indicated 86 % of head 

and facial injuries in Little League players are caused by ball impact, of which 

85 % occur to defensive players.  However no distinction was made between 

impacts from batted or thrown balls.  In a one-year prospective study of 26 

Major League Baseball teams in 1991-2, Zagelbaum et al. (1994) documented 

24 ocular injuries, all of which were sustained in the infield or sidelines.  These 

injuries included periorbital contusions, malar fractures, blurred vision, ocular 

tearing, and corneal abrasion.  Recent catastrophic incidents in professional 

baseball serve to highlight the danger faced by unprotected infield players.  In 

1997, Baltimore pitchers Mike Mussina and Norm Charlton suffered facial 

injuries from balls hit directly at them.  In the same season, Detroit's Willie Blair 

had his jaw broken, and Houston reliever Billy Wagner was concussed by a 

blow from which the ball rebounded into the third-base dugout (Baum, 1998).  

 
Death from chest impact accounts for 2 - 4 deaths in baseball per annum 

(Janda, Viano, Andrzejak & Hensinger, 1992).  Rutherford et al. (1984) 

indicated of 51 deaths reported in the period 1973 - 1983, 21 were attributed to 

chest impact by the ball.  Pitchers made up 24 % of these fatalities, all of which 

occurred during informal games.  The rate of deaths from chest impact to non-

professional baseball pitchers increased from 2.1 per year in 1973-80 to 3.3 in 

1986-90 (Vincent & McPeak, 2000).  While these figures may reflect increased 

participation, the use of increasingly lightweight and high-performance metal 

bats may also be a contributing factor.   

 

 

7 



2.1.3 Summary 
 

The incidence and severity of impact injuries in baseball is a considerable 

problem in sports medicine.  The pitcher, who stands unprotected in the infield 

less than 18 m from the batter, is at highest risk of being struck by the batted 

ball.  While it has been suggested having external automatic defibrillators and 

medical personnel present at youth games to treat impact injuries (Vincent & 

McPeak, 2000), it is only by anticipating these injuries they can be diminished in 

frequency and severity.  Decreasing ball exit velocity (BEV) is necessary to 

increase reaction time for pitchers and thereby reduce the incidence of batted-

ball impact injuries.  The effect of bat and ball design on BEV must be quantified 

in order to develop effective standards for equipment.   

 
 
2.2 MODELLING OF BAT-BALL IMPACT 
 

2.2.1 Background 
 

Much interest – and speculation – has been devoted to the performance of 

baseball bats and balls and the dynamics of impact between the two.  Many 

mathematical explanations of bat and ball dynamic behaviour have been 

proposed.  These include investigating the 2-D rigid-body dynamics of the 

impact (Watts & Baroni, 1989), the effect of bat elastic behaviour and impact 

location on BEV (Nathan, 2000; Van Zandt, 1992), vibration studies (Brody, 

1986; Brody, 1990) and simulation of various boundary conditions at the grip of 

the bat (Cross, 1999).  However, most have been published in relatively 

obscure journals or as popular literature (e.g. Adair, 1997).  The simplifications 

and assumptions necessary to permit computation in this complex problem 

have also limited the findings. 

 

2.2.2 Numerical bat-ball impact research 
 

2.2.2.1 Finite Element Analysis 
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Finite element analysis (FEA) was used in this research to quantify the 

dynamics of impact between baseball and bat.  FEA is a powerful mathematical 

procedure which can approximate the large-deformation response of 3-D 

structures, and account for friction, irregularly-shaped contact area, non-planar 

motion and multi-directional forces including bending, transverse forces, and 

shear.  In solving systems of differential equations, FEA typically discretises the 

system into smaller "elements" and solves the equations of motion over a 

number of "steps".  The response of the system of finite elements is governed 

by the equilibrium equation 

 

Equation 1 

RKUUCUM =++ &&&  

 

where M, C, and K are the mass, damping and stiffness matrices; R is the 

vector of externally applied loads, and U, U’ and U” are the displacement, 

velocity and acceleration vectors of the finite element assemblage (Bathe, 

1996). 

 

In using FEA, the need for simplifications such as linear elasticity and rigidity, 

and assumptions of planar motion, are greatly reduced.  Verification of FEA 

results against experimental tests can result in a predictive model, decreasing 

time spent in iterative redesign and prototype fabrication (Hocknell, Mitchell, 

Jones & Rothberg, 1998; Memari, Cavanagh & Madan, 1994).     
 

2.2.2.2 FEA of equipment performance in baseball 
 

FEA has been used in baseball for approximation of bat stress and durability 

(Smith, Shenoy & Axtell, 2000), and validation of experimental bat performance 

measures (Mustone & Sherwood, 1998; Shenoy, Smith & Axtell, 2001).  The 

method allows precise determination of the mechanisms of energy exchange 

between the striking implement and the ball, including energy losses that occur 

through friction, inelastic deformation and bat vibration.   
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Smith (2001) investigated contradictory results from two experimental methods 

for assessing bat performance.  These tests involved pitching a ball first toward 

a stationary bat, and to a rotating bat (see Section  2.3.1).  In this analysis, bat 

models were constrained at the handle to replicate the experimental setup used 

in both tests.  While it was acknowledged bat motion is a complex combination 

of 3-D translation and rotation (Fleisig, Zheng, Stodden & Andrews, 2002; 

Greenwald, Penna & Crisco, 2001), planar rotation at the instant of impact was 

applied.  This may be a valid assumption as Mustone and Sherwood (1998) 

showed the application of translational or rotational motion to the bat at the 

instant of impact had no effect on BEV.  A linear viscoelastic baseball model 

was employed to accommodate energy losses.  This ball model, developed in a 

previous study (Smith et al., 2000), obtained material parameters from quasi-

static testing and was validated using impact tests at velocities between 20 - 50 

ms-1.  Smith (2001) concluded test methods that do not consider bat inertial 

properties were likely to underestimate the performance of heavier bats and 

overestimate the BEV produced by lighter bats.   

 

Mustone and Sherwood (1998) also sought to clarify the efficacy of bat 

performance tests that use a rotary hitting machine.  They utilised similar mesh, 

loading and boundary conditions to Smith (2001).  The baseball was assigned a 

rubber-like Mooney-Rivlin material model with load-deflection characteristics 

obtained from static testing.  Damping was added to give a ball COR 

comparable to experimental measures.  This was a fundamental flaw in this 

study, as a global damping constant was assigned to the entire analysis and not 

specifically to the baseball material.   For a 62.2 ms-1 impact, BEV of 44.0 ms-1 

was obtained for the wood bat, and 48.4 ms-1 for the metal bat.  These results 

did not agree well with experimental values obtained from a robotic hitting 

machine, of 40.0 – 41.8 ms-1 and 43.1 – 45.3 ms-1 respectively.  The 

overestimation was attributed to the unrefined ball model, and bat models that 

did not accurately replicate the weight and inertial properties of the bats on 

which they were based. 

 

FEA has been used to quantify the effects of bat design and material properties 

on BEV.  Smith (2001) showed BEV from metal bats increased with decreasing 
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wall thickness at the impact point, attributing the result to reduction in ball 

deformation, increased contact time and greater impulse imparted to the ball.  

The use of a linear elastic isotropic material model precluded this model from 

quantifying any plastic deformation that may have resulted from the thinner bat 

walls.  Smith et al. (2000) and Shenoy et al. (2001) used FEA in assessment of 

wood bat durability and the effect of a braided composite sleeve at the handle.  

This was the first FEA study in baseball that compared the effects of various 

boundary conditions on bat performance measures.  As it was “unclear which 

condition most accurately represents a player’s motion”, the bat was subjected 

to planar motion under conditions in which the grip-end was pinned at various 

locations, and then free to translate and rotate.  This problem has also been 

acknowledged in the golf literature, in which free (Swider, Ferraris & Vincent, 

1994), handheld (Thomas, Deiters & Best, 1995), and clamped (Friswell et al., 

1997; Wicks, Knight, Braunwart & Neighbors, 1999) conditions have all been 

used to simulate the effects of a player’s grip.  Although bat stress was 

increased more than twofold in the pinned conditions, the method of support 

had no effect on BEV, a result that has also been shown experimentally 

(Weyrich, Messier, Ruhmann & Berry, 1989).  A limitation of the studies by 

Smith et al. (2000) and Shenoy et al. (2001) was the use of bat velocities slower 

than those measured in the field because bat failure occurred at velocities 

higher than 22 ms-1.  Bat failure occurred due to the inability of the rotary hitting 

machine to absorb the post-impact energy of the bat at high velocities.  

Although these studies were conducted at bat velocities lower than those which 

would be seen in high-performance play, the value of the research remains in 

providing a numerical model of bat performance which is validated against 

careful experimental measures. 

 

Relatively little attention has been given to the contribution of the baseball to 

BEV in these studies.  Mustone and Sherwood (1998) accounted for the time-

dependent stiffness of the ball with an unrefined hyperelastic constitutive model, 

but did not properly account for the damping properties of the material.  Smith et 

al. (2000) used a linear viscoelastic model developed from quasi-static and 

high-speed impact tests of both traditional baseballs and a synthetic ball used 

for batting practice.  The synthetic ball had an initial shear modulus (rigidity) that 
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was approximately 5 % the value of the traditional ball, and a velocity-

dependent COR.  However, no mention of the effect of the use of this ball on 

bat durability or BEV was reported. 

 
 
2.2.3 Summary 
 

Although FEA has been utilised in baseball research to quantify equipment 

performance and the validity of experimental bat performance measures, the 

question of BEV and injury risk has not been addressed.  The development of a 

suitably representative model of bat-ball impact based on experimental data for 

bat linear velocity and orientation at impact, and ball time-dependent behaviour, 

will improve understanding of the impact dynamics related to production of BEV 

in a field situation.   

 

 

2.3 BASEBALL BATS 
 
In 1999, American left-handed pitcher Jason Brosnan played in the Australian 

Baseball League.  When asked how he felt facing professional players wielding 

metal bats, he replied, "That was not fun.  A lot of times you would just throw it 

and duck."  

 (Rubin, 1999)  

* * * * * * * * 

 

The wood bat has been the traditional hitting implement in baseball since the 

game originated in nineteenth-century America.  These bats are still used by 

professional players in the United States, and in elite competitions including the 

World Championships, Olympic Games and Australia's national Claxton Shield 

competition.  In 1972, the governing body for collegiate baseball in the United 

States, the National Collegiate Athletic Association (NCAA), sanctioned the use 

of metal bats in response to the rising cost of replacing broken wood bats.  

Metal bats are now used worldwide in most non-professional leagues, including 

college, high school, junior and amateur baseball. 
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The effect of these metal bats on the game has been twofold.  Analysis of game 

statistics indicates a substantial impact on the balance between offence and 

defence in baseball.  The use of metal bats permits weaker hitters to hit with 

increased effectiveness and without fear of bat breakage.  College coaches 

such as Johnson (1997) indicated pitchers were increasingly reliant on throwing 

“breaking balls”* to disrupt the hitter's timing.  NCAA statistics for the period 

1972 - 1997 indicated the mean batting average in Division I college baseball 

increased from .266 to .304.  The number of home runs per game doubled (0.45 

to 0.96) and the mean number of runs scored per game rose from 5 to 7.01 

(NCAA News, September 1, 1997, pg. 1).  In a three-year study of 75 college 

players, Thurston (1999) reported a consistent annual decrease of 100 points in 

the batting average of these hitters when they played in a summer league using 

wood bats. 
 

The second area of concern, and that addressed by this research, is the 

acceptable level of risk for pitchers of being struck by balls hit from metal bats.  

The pitcher is at greatest risk because he is the closest infielder to the batter.  

Although the frequency of injury to collegiate pitchers from batted-balls has 

remained between 0.15 and 0.25 per 1000 athletic exposures since 1972 

(NCAA News, September 1, 1997; pg. 8), the relative rarity of these injuries 

does not lessen their potential to be catastrophic.  Thirty-five percent of baseball 

fatalities in 1973 - 1985 were pitchers struck in the head or chest by the batted 

ball (Viano et al., 1992).  

 

2.3.1 BEV and bat performance measures 
 

BEV is a measure of bat performance that is of interest to both hitter and 

pitcher.  The momentum a batter can impart to the ball affects both the distance 

and trajectory of ball flight, and the time available for defensive players to field 

the ball.  Similarly, BEV determines the time available for a pitcher to take 

evasive action against a ball hit directly toward him. 
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BEV for balls hit with metal bats has been demonstrated higher than from wood 

bats.  Three experimental studies have been conducted to measure BEV using 

high-speed videography.  Bryant et al. (1979) quantified mean BEV at 39.4 ms-1 

and 41.1 ms-1 for wood and metal bats respectively (n = 6 collegiate hitters).  No 

details of bat length, mass or moment of inertia were given.  Crisco, Greenwald, 

Penna and Saul (2000) measured BEV from two models of wood bats which 

were similar in length and mass (n=19 minor league, college and high-school 

players).  Fifty percent of hits showed BEV exceeding 39 ms-1 and a further 10 

% recorded above 42 ms-1.  Higher BEV values were obtained by Greenwald et 

al. (2001) (n = 19 high school, collegiate and minor league players).  Five metal 

and two wood bats of various lengths and masses were used.  Mean BEV from 

the top 10 % of hits from wood bats was 43.8 ms-1, while that from metal bats 

was 44.8 – 47.3 ms-1 across the five models.  This study did not restrict bats to 

those of identical length and mass to enable direct comparisons in wood and 

metal bat performance.   

 

Cassidy and Burton (1989) estimated 400 ms is the minimum time required for 

a pitcher to complete a protective movement against a ball hit directly at him.  

Although their research is in thesis form (not published in any scientific journal), 

and does not account for individual variations in pitching technique, it remains 

the only available data on reaction time in adult baseball pitchers.  Movement 

time of 400 ms corresponds to a BEV of 43.5 ms-1 (accounting for the 

aerodynamics of ball flight*).  The data of Greenwald et al. (2001) indicates 

there is substantial threat to the pitcher from balls hit by metal bats. 

 

In response to these concerns, the NCAA imposed regulations in January 2000 

to which all equipment must conform before becoming commercially available 

(NCAA news release, September 27, 1999):  
 
1. The empirical length-weight differential of baseball bats must not exceed 

minus 3: for example, a bat 33 inches in length must not weigh less than 30 

ounces; 

                                                                                                                                
* A pitch thrown with unusual spin or trajectory.  Examples include the curveball, slider, and knuckleball. 
* The derivation of this figure is given in Chapter 6 
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2. The maximum diameter of the bat barrel must not exceed 6.7 cm; 

3. Baseballs shall have a mass of 145 ± 1 g and circumference of 23 ± 1.3 cm. 

4. Ball COR must be between less than 0.555 when tested at 26.6 ms-1 against 

a flat wall.   

 

BEV standards had previously been proposed by the NCAA – for example, in 

1998, a maximum BEV of 41.3 ± 0.4 ms-1 was approved in concert with 

regulations (1) and (2) above (Briedenthal, 1998).  The NCAA developed this 

guideline based on data from tests on solid 34-inch wood bats, and according to 

the movement time data of Cassidy and Burton (1989).  This detailed in a 

memorandum from NCAA Executive Chair Cecil Dempsey to all Chief Executive 

Officers of NCAA Member Institutions dated August 28, 1999.  However the 

BEV standard was never adopted, as the NCAA was threatened with litigation 

by a number of bat manufacturers and voted to submit the BEV standard to a 

panel of independent testing experts (Briedenthal, 1998).  The subsequent 

investigations have concluded that as wood bats are the traditional hitting 

implements in baseball, regulations should aim to restrict metal bats to “wood-

like” performance levels, based on the assumption the risk of a pitcher being 

struck by a ball hit by a wood bat (the traditional implement in the game) is 

acceptable (NCAA news release, June 12, 1999).  This supposition is supported 

by the field test results of Bryant et al. (1979), Crisco et al. (2000) and 

Greenwald et al. (2001).  Three experimental methods have been developed to 

quantify bat performance, all of which are based on measurements of BEV 

(Smith, 2001): 

 

1. Bat Performance Factor (BPF): This method was developed by the 

American Society for Testing Materials (ASTM).  A baseball is projected at 

26.6 ms-1 onto a stationary bat that is free to pivot about the handle.  BPF is 

the ratio between bat-ball COR and ball-wall COR (also measured at 26.6 

ms-1).  For impacts at the bat ‘sweet spot’ (a region close to the nodes of the 

lowest frequency bending vibrations), BPF is approximately 1 for wood bats 

and approaches the BPF limit of 1.2 for metal bats (Nathan, 2002).  The 

single test velocity and sole impact location limit the broad application of this 

method. 
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2. Ball Exit Speed Ratio (BESR): This method is employed by the NCAA, and 

uses bat recoil speed to calculate BEV.  A bat is swung by a robotic hitting 

machine at 29.3 ms-1 and impacts a baseball propelled at 31.1 ms-1.  BESR 

must be less than 0.728, which corresponds to a BEV of 43.1 ms-1.  

However, the coefficient of restitution (COR) of the baseballs used in testing 

can result in the BESR standard changing.  Similarly, “assumption of 

constant swing speed can lead to erroneous results in bats of different MOI 

are compared” (Smith, 2001).   

 

3. Modified NCAA method: Tests are conducted using the same protocols as 

for BESR, but the certification standard is based solely on BEV, which must 

not exceed 43.1 ms-1.  This method has not been adopted by any 

organisation for certification purposes. 

 

BEV is therefore an important measure employed to quantify bat performance.  

However, a number of limitations are evident within the test battery that cast 

doubt over the applicability of findings to bat performance in the field.  Robotic 

hitting machines swing the bat in a horizontal plane about a fixed axis, and do 

not approximate the 3-D kinematics of the baseball swing (Fleisig et al., 2002; 

Hirano, 1987; McIntyre & Pfautsch, 1982; Messier & Owen, 1984; Welch, 

Banks, Cook & Draovitch, 1995).  These machines do not directly account for 

important factors in the dynamics of the impact, particularly bat and ball weight 

and bat moment of inertia.  Such tests are designed for maximum repeatability 

and consistency, and are much more reliable than having even a high-

performance player swing a bat.  The current analysis of bat performance under 

field conditions is designed to factor bat and ball design factors such as moment 

of inertia and ball stiffness into production of BEV.  While specific to a group of 

players, bats and baseballs, such a numerical analysis may provide further 

insights into the on-field capabilities of wood and metal bats when swing 

kinematics, ball material properties and impact dynamics are considered. 
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2.3.2 Bat design and effect on BEV 
 

The most obvious difference between wood and metal baseball bats is that of 

their constituent material.  At the inception of the game in the nineteenth 

century, baseball bats were carved from hickory and had a mass up to 1.55 kg 

(50 ounces).  Modern wood bats are shaped from solid single pieces of 

Fraxnius Americanus (northern white ash).  Ash is approximately 25 % less 

dense than hickory, and therefore modern bats are lighter (33 - 36 oz), with 

longer barrels and thinner handles.  The first metal bat was developed in 1924.  

In 1972, sporting goods manufacturer Worth commercially produced a one-

piece hollow aluminium bat.  These bats were sanctioned by the NCAA for use 

in college baseball in 1974, and made from a low-grade aluminium alloy 

developed in the aerospace industry for lightness and durability.  Metal bats are 

now constructed from heat-treatable alloys of zinc, magnesium, aluminium and 

titanium.  The thickness of metal bat walls typically ranges from 0.13 to 0.35 cm 

along the bat length.  The shell is lined internally with graphite, and may be filled 

with polyurethane or cork to deaden the high-frequency sound generated by 

impact (Ashley, 1991).   
 

An important determinant of BEV is the pre-impact linear velocity of the impact 

point on the bat.  The velocity with which a bat can be swung is dependent on 

the bat design, particularly bat mass and the distribution of mass along the long 

axis of the implement (swing moment of inertia).  Fleisig et al. (2002) indicated 

the “moment of inertia” of a baseball bat was significantly related to the linear 

velocity with which a bat can be swung.  For hitting implements, moment of 

inertia is most commonly reported about an axis perpendicular to the proximal 

(grip) end of the bat (Hay, 1993).  There are, in fact, three moments (M) which 

affect bat velocity and swing kinematics, and these are represented by the 

relation 

Equation 2 

Mj = Σmixij

  

where j = 0,1 or 2, and mi = the mass of a particle at a distance xi (i = 1...N) 

along the bat from the hand (Brody, 2000). 
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The zero moment (M0), Σmixi0, corresponds to the total mass of bat, and is 

unaffected by the dispersal of mass among the N particles.  However, both M1 

and M2 depend on the spatial distribution of m.  M1 (Σmixi1) represents the 

torque required to keep the bat barrel above the level of the hitter’s hands 

during the swing.  A greater first moment may affect the position of the bat 

barrel with respect to the hands at impact, and thereby the ability to hit the ball 

with maximum velocity.  The effect on bat weight distribution on M1 has never 

been reported.   

 

As aluminium is four times as dense as wood (Ashby, 1999), metal bats must 

be fashioned as hollow shells to remain comparable in mass to solid wood bats.  

The different densities of wood and metal result in differences in weight 

distribution between the bat types.  Bat mass distribution, or swing moment 

(Σmixi2), has a quadratic effect on resistance to angular acceleration (Hay, 

1993).  Although the basic shape of the two bats is similar, the barrel diameter 

(and available hitting surface) of aluminium bats can be maximised by 

decreasing the wall thickness.  With less mass (m) behind the impact point, a 

metal bat might be expected to transfer less kinetic energy to the ball.  

However, the lighter barrel means the centre of gravity of the bat is closer to the 

axis of rotation at the hitters hands, thereby decreasing the radius of gyration (k) 

and hence the moment of inertia of the bat (mk2).  The relative extra weight in 

the handle of the metal bat decreases the torque required to accelerate the bat, 

with the corresponding gain in linear velocity of the impact point resulting in 

increased BEV (Fleisig et al., 2002; Greenwald et al., 2001; Hay, 1993).  The 

lower resistance to angular acceleration of metal bats may have further positive 

effects on generation of BEV.  Firstly, this design permits delay in the onset of 

the swing, giving the hitter greater opportunity to detect the flight and velocity of 

the incoming ball (Thurston, 1999).  A smaller value for M2 may also affect the 

horizontal orientation of the bat at impact.  A more direct impact between bat 

and ball will contribute to an increased BEV as less energy is lost to lateral ball 

motion (Hay, 1993), although this effect has never been experimentally 

measured.   
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2.3.3 Bat kinematics during the baseball swing 
 

The kinesiology, kinematics and kinetics associated with the batter’s body 

during the swing have been the subject of extensive research (Hay, 1993; 

Hirano, 1987; Marino, 1989; McIntyre & Pfautsch, 1982; Race, 1961; Welch et 

al., 1995).  However, the rigid-body motion of the bat itself is less well 

understood, despite the obvious implications of linear velocity of the bat impact 

point at the instant of contact for generation of BEV.  Race (1961) conducted 

one of the first studies of batting skill in 17 professional players.  It was noted 

that bat linear velocity increased just prior to contact (no numerical value was 

reported), but further quantification of bat motion was not possible due to the 

use of only one 16 mm camera operating at 50 fps.  High-speed video systems 

have enabled more thorough study of bat kinematics.  Shapiro (1979) utilised 

two 250 fps cameras in studying the batting technique of one collegiate baseball 

player.  Maximum bat tip linear velocity of 26.1 - 34.7 ms-1 was recorded 45 ms 

prior to contact.  However only three trials were analysed, limiting the further 

applicability of this study. 

 

Simulated batting studies have been undertaken to eliminate the contribution of 

pitch judgement and reaction time to batting performance.  Bahill and Freitas 

(1995) studied bat linear velocity for subjects swinging at imaginary baseballs 

using bats of various masses.  Bat tip velocity was measured from two vertical 

laser beams, but no account of the ‘slice angle’ of the bat passing through each 

beam was made.  Welch et al. (1995) reported linear velocity of the bat impact 

point was 31.0 ms-1 just before ball contact for seven minor league players 

hitting off a stationary tee with their own wood bats.  During the initial portion of 

the swing, bat velocity was largely directed away from the player’s body and 

downward, but translational velocity (toward the pitcher) was dominant by the 

time of ball contact.  This was the only study to report the component velocities 

of the bat during the swing.  Williams and Underwood (1972) speculated on the 

type of swing most conducive to hitting with “power” (for example, a home run).  

In addition to production of maximum linear velocity, a slight upward motion 

prior to contact was suggested as helpful.  While Messier and Owen (1984) 

indicated an increase in bat tip vertical velocity did occur just prior to contact for 
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eight collegiate softball players, such motion in baseball has never been 

reported. 

 

Although Welch et al. (1995) obtained results using batters hitting from a tee, 

Hirano (1987) reported a similar pre-impact bat linear velocity of 31.1 ms-1 in 

five skilled batters swinging at pitched balls.  McIntyre and Pfautsch (1982) 

reported mean maximum bat tip linear velocity of 42.2 ms-1 in 20 collegiate 

players hitting to the ‘same field’ (i.e. right handed hitters hitting to left field).  

Lower values were obtained for ‘opposite field’ hits (36.1 ms-1) due to the 

shorter radius of rotation for these hits.  Marino (1989) reported much lower 

maximum bat tip linear velocity values (23.8 - 24.7 ms-1) from analysis of 10 

Canadian Olympic hitters.  These studies all utilised a single 200 fps camera 

mounted directly above the hitter, and the assumption of planar bat motion may 

explain the wide range of results.   

 

Crisco et al. (2000) used four 500 Hz infrared cameras to track bat and ball 

motion in 19 experienced hitters using wood bats.  Fifty percent of linedrives 

were made with resultant bat linear velocities of 30 ms-1, with the top 5 % of hits 

exhibiting bat velocity greater than 34 ms-1.  BEV was noted to increase as bat 

linear velocity increased.  Most recently, Fleisig et al. (2002) used four 200 Hz 

infrared cameras to quantify the linear and angular kinematics of the bat using 

17 male collegiate baseball players.  These players batted with each of seven 

metal bats ranging in mass from 0.785 – 0.947 kg, with swing moment of inertia 

(about the bat centre of gravity) between 0.0567 and 0.0918 kg.m2.  Maximum 

linear velocity of the bat impact point (approximately 15 cm from the tip) was 

24.7 – 26.8 ms-1, and was higher for bats with lower moment of inertia. 

 

Studies of bat kinematics have been restricted to measurement of bat 

translational and rotational motion.  Direct comparison of wood and metal bats 

of identical length and mass has not been made.  Bat orientation at impact has 

never been quantified, despite advances in technology such as high-speed 

camera systems.  Section  2.3.2 outlined the importance of the bat orientation at 

impact for generation of BEV. 
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2.4 BASEBALLS 
 
2.4.1 Background 
 

The use of increasingly sophisticated metal bats has been investigated as a 

factor in BEV reaching levels potentially lethal to pitchers (Greenwald et al., 

2001).  However the material properties of the ball also affect the dynamics of 

the bat-ball interaction, and thereby BEV and time available for the pitcher to 

take evasive action. Baseballs which are too “lively” have also been implicated 

in the rise of home runs and runs scored evident in the collegiate game since 

1972 (NCAA News, September 1, 1997; pg. 1).  The behaviour of the ball 

during high-speed impact with the bat has been the subject of limited research.   

 
2.4.2 COR and ball performance 
 
Baseballs are made from a hard cork or rubber core wound in grey and white 

wools, covered in two hourglass-shaped pieces of cowhide seamed with a 

single row of 216 raised or rolled stitches (Figure  2.1).  Regulation baseballs 

have a circumference of approximately 23 cm and mass of about 150 g.  The 

sole performance indicator used to establish regulations on baseballs is COR, 

which is determined by firing the baseballs at 26.6 ms-1 against a flat wall, and 

reported as the ratio of outbound to inbound velocity.  Baseballs are currently 

required to have COR of less than 0.555 (NCAA news release, June 12, 1999).  

COR measurements provide only superficial information about energy loss 

during the bat-ball collision.  No indication is given of the rate or process of 

energy loss through internal friction, permanent deformation or post-impact 

oscillations.  COR has been shown to be highly dependent on the pre-impact 

velocity of the ball (Hendee, Greenwald & Crisco, 1998).  The wide variations 

between baseballs of various models, experimentally demonstrated by Hendee 

et al. (1998), are yet to be mathematically explained in terms of the time-

dependent nature of the ball materials.   
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Heald (1999) recommended reducing the current COR regulations and 

increasing ball “compressibility” as a method of controlling BEV.  For such a 

recommendation to be instituted, the deformation response of the baseball 

during high-speed impact must be quantified.  The results obtained by Hendee 

et al. (1998) indicate the relationship between the results of high-speed impact 

tests and that of quasi-static compression is highly variable between baseball 

models, suggesting baseball behaviour is design- and velocity-dependent.  

Adair (1997) speculated the ball may elastically deform to 50 % of its original 

diameter during high-speed impact with the bat.  However this has not been 

experimentally measured and the extent of hyperelastic behaviour in the ball 

remains unclear.  The limited information yielded by COR testing means the 

effect of manipulating the material properties of the ball to reduce BEV is 

unknown.   A mathematical description of ball compression response based on 

large-deformation experiments would add substantially to the current body of 

work.   

 

2.4.3 Baseball material properties: experimental studies 
 

Experimental measurement of the material behaviour of baseballs is typically 

undertaken using quasi-static uniaxial compression tests.  The resulting force-

displacement and static hysteresis curves have been used to predict energy 

loss and quantify ball stiffness for a range of baseball models (Crisco, Hendee 

& Greenwald, 1997; Giacobbe, Scarton & Lee, 1997; Heald & Pass, 1994; 

Hendee et al., 1998).  These investigations have been limited to compression 

tests to 10 % of ball diameter or less, in which range material behaviour is 

presumed linear elastic and ball stiffness can be determined as the gradient of 

the force-displacement curve.  No data is available for larger deformations. 

 

Hendee et al. (1998) investigated the relationship of quasi-static compression 

tests to the response of the baseball to high-speed impact (13.4 - 40.2 ms-1) in 

19 baseball models.  Quasi-static hysteresis measurements proved poor 

predictors of dynamic energy loss (COR2) in baseballs.  As balls increased in 

stiffness and/or mass, peak impact force increased, and this was linked to 

decreased deformation during impact, increased stress transmitted to the  
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Figure 2.1 

Photographic and schematic representations of a baseball.  The line drawing 

shows the four layers of the ball internal structure – the cover, twine layer, wool 

packing, and core.  The seams of a professional (Major League) standard 

baseball are “rolled” to be essentially level with the ball cover, whereas those of 

a collegiate (NCAA) baseball are raised. 
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impacted surface, and higher peak reaction force.  Decreasing both ball mass 

and stiffness resulted in a significant reduction in peak force.  However, no 

mathematical explanation of the time-dependent properties of the baseballs was 

made.    
 
2.4.4 Baseball material properties: numerical studies 
 
The first approximation to ball behaviour during impact was made by Crisco et 

al. (1997) using elasticity theory, assuming the ball was a homogeneous linear 

elastic sphere with a COR of 1.  This model was based upon experimental 

uniaxial compression tests for which one baseball was compressed to 10 % of 

its original diameter, in which range the force-displacement relationship was 

linear.  The model was applied to impact problems with a lumped-mass model 

of the human chest and a simple model of the head.  Although intended to 

simulate the most dangerous situation for the pitcher for being struck by the 

batted ball, it has limited applicability to the dynamics of bat-ball impact as it 

fails to account for the nonlinearities associated with large deformations. 

 

Mustone and Sherwood (1998) adopted a nonlinear elastic model for the 

baseball based on the Mooney-Rivlin rubber-like formulation.  Ball COR of 

0.710 was reported.  Although the ball load-deformation properties were 

obtained from quasi-static and dynamic tests, damping was not factored into the 

ball material but added as a global function, which effectively added damping to 

the entire bat-ball impact analysis.  Smith et al. (2000), and later Shenoy et al. 

(2001) and Smith (2001), adopted a linear viscoelastic model to represent the 

inelastic nature of baseball deformation.  This represents the simplest 

approximation for time-dependent material behaviour.  A number of parameters 

- in particular, instantaneous and relaxed shear modulus (G0 and G∞) and bulk 

modulus - were experimentally obtained to fit the viscoelastic law: 

Equation 3 

teGGGtG β−
∞∞ −+= )()( 0  
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The time-constant β is an indicator of the decay properties of the material.  

Miller (2000) recommended the value of β be chosen based on the duration of 

the event.  In the case of bat-ball impact, this time is typically 1 ms (Adair, 

1997).  The values chosen for β in the model of Smith et al. (2000) were two 

orders of magnitude greater.  In that study, a set of parameters was developed 

for both a traditional baseball and a synthetic ball.  However, the effect of the 

synthetic ball in bat-ball impact analysis was not described.  For impacts with 

the traditional ball, no description of ball deformation during impact was made.   

 

2.4.5 Relationship of ball material properties to performance and injury 
 
The material properties of the baseball are important in two instances with 

respect to impact injuries to defensive players.  First, ball response to high-

speed loading affects the dynamics of the bat-ball interaction, and thereby both 

BEV and time available for evasive action.  The material properties of the ball 

also determine the severity of impact in case of the player being hit.   

 
2.4.5.1 Relationship to performance 
 

Reduction in the velocity of balls hit into the infield is required to reduce both the 

incidence and severity of impact injuries to defensive players.  The experimental 

investigation by Hendee et al. (1998) quantified ball dynamic performance using 

COR tests.  COR showed no relationship to ball stiffness or mass but was 

speculated to be a function of the strain-rate dependent properties of the soft 

polymers used in ball construction.  Numerical analyses of bat-ball impacts 

using a linear viscoelastic model for the baseball (Shenoy et al., 2001; Smith, 

2001; Smith et al., 2000) have attempted to account for the time-dependence of 

ball behaviour.  Nevertheless, no research has been made into the effect of 

variation in ball material properties on BEV.  Similarly, experimental or 

numerical measurements of the pattern of ball deformation and recovery during 

the impact have not been undertaken.  Most research on baseball material 

properties has focussed on the effects of impact to the human head or chest, as 

detailed below. 
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2.4.5.2 Relationship to injury 
 

Approximately half of all fatalities to baseball pitchers are caused by ball impact 

to the head, the remaining half to the chest (Viano et al., 1992).  Baseball 

stiffness (Chauvin & Carlson, 1997; Giacobbe et al., 1997; Janda et al., 1992; 

Viano et al., 1993) and mass (Crisco et al., 1997; Link et al., 1998; Kyle, Adler & 

Monticone, 1996) have been identified as important to the magnitude and 

severity of head and chest injury. 
 

One hundred and seventy thousand head injuries are documented in baseball 

each year (Zagelbaum et al., 1994).  These injuries constitute 86 % of impact 

injuries in Little League baseball (Mueller et al., 2001).  The CPSC proposed 

softer baseballs could prevent or reduce the severity of 47,900 head, neck and 

facial injuries per year (Kyle et al., 1996).  Softer balls show increased 

deformation and impact time, and reduced peak impact forces, which have 

been linked to lower stress transmitted to bone and decreased severity of head 

injury (Crisco et al., 1997; Giacobbe et al., 1997; Heald & Pass, 1994).  Heald 

and Pass (1994) indicated injury risk for lateral head impacts at 28.6 ms-1, was 

only 1 % for “soft” baseballs – those with a compression strength of 175 N.cm-1 

or less - as compared to 80 % for a standard baseball (700 N.cm-1 or greater).  

In a comparative study of impact in cadaver heads, Viano et al. (1993) 

demonstrated skull fracture occurred at 26 ms-1 for the baseballs used in 

professional leagues, and 36 ms-1 for softer-core balls.  Peak acceleration in 

modified Hybrid III test dummies was also used to quantify the risk of head 

injury.  The risk was 52 % for the professional (hard) ball compared with 14 % 

for the modified ball.  These results were attributed to a larger contact area with 

a proportionally lower contact pressure, although measures of head rotational 

and translational acceleration were not made.  The theoretical study of Crisco et 

al. (1997) indicated, however, that a reduced-stiffness baseball also decreased 

peak head acceleration 66 %.  It should be noted, however, that despite the 

benefits of reduced impact force, softer baseballs may transfer greater 

momentum to the head or chest than harder models.  Giacobbe et al. (1997) 

suggested from measures of the dynamic hardness of baseballs that softer balls 
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may cause damage to internal soft tissues by exciting structures such as the 

heart into resonance.  The protective effect of these balls remains controversial. 

 

Baseball is the leading cause of sports-related eye injuries in 5 - 14 year olds in 

the United States, accounting for 55 % of baseball-related injuries treated in 

hospital emergency rooms (Kyle et al., 1996).  The eye is a viscoelastic organ 

whose response to loading depends on the rate of force application (Vinger, 

Duma & Crandall, 1999).  Impact at 24.6 ms-1 with a traditional ball has been 

shown to cause ocular rupture, whereas a modified ball caused only posterior 

translation of the eye at speeds up to 33.5 ms-1 (Vinger et al., 1999). 
 

The CPSC attributed 41 % of the 51 deaths reported in 1973 – 1985 to chest 

impact by the ball.  Such injuries comprised 35 % of 23 deaths among pitchers 

between 1973 - 1983 (Viano et al., 1992).  Vincent and McPeak (2000) 

documented 76 occurrences of commotio cordis (death from blunt thoracic 

trauma in the absence of cardiac abnormality), of which 40 were baseball-

related.  A primary feature of deaths from commotio cordis is the absence of 

clinically significant cardiac injury at autopsy (Viano et al., 1992; Vincent & 

McPeak, 2000).  The likelihood of commotio cordis was initially believed to be 

proportional to both the speed and force of the impact and the size of the 

contact area (Gadd & Patrick, 1968).  Viano and Lau (1988) proposed the 

viscous criterion as a predictor of commotio cordis.  Viscous criterion is an index 

of the magnitude of chest wall deflection and the velocity of deformation, 

normalized for chest thickness (Viano et al., 1992; Vincent & McPeak, 2000).  

Reduction in viscous criterion is achieved by reducing the velocity of 

deformation and/or extent of compression of the chest during impact.  In a 

review of 88,700 impact injuries, Kyle et al. (1996) reported softer balls reduce 

the frequency and severity of chest injuries in youth baseball.  Although softer 

balls may produce lower viscous criterions than regulation baseballs, results 

varied widely across ball models (Janda et al., 1992; Link et al., 1998), and for 

some softer baseballs tested with closed-cell foam chest protectors in a swine 

model, the peak force and momentum transferred to the chest were increased 

(Janda et al., 1998).  Although Link et al. (1998) showed a relationship between 

ball stiffness and the likelihood of ventricular fibrillation, the risk and type of 
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arrhythmia was more dependent upon when the impact occurred during the 

cardiac electrical cycle.  This finding indicates the timing of the blow, and not 

the material properties of the ball, may be a decisive factor in such fatalities. 

 

2.5 SUMMARY 
 

The increasing complexity of design and material properties in baseball bats 

has spawned a large body of research that has attempted to identify the 

features most responsible for performance (measured by BEV).  The material 

properties determine the vibrational and flexural response of the bat to impact.  

However, BEV is also dependent on the mass and inertial properties of the 

implement, and its velocity and orientation of the bat at the instant of impact.  A 

direct comparison of these factors in wood and metal bats of equal length and 

mass is yet to be made.  The 3-D orientation typical of each bat at impact is 

also unknown and remains an important gap in the current body of knowledge.   

 

The assumption of linear elasticity has allowed first approximations to be made 

of ball material behaviour, but for large deformation problems such as bat-ball 

impact, this simplification cannot be accepted.  Previous research has indicated 

linear viscoelastic models may be capable of approximating the ball time-

dependent behaviour, but further quantification of this phenomenon is required.  

The behaviour of the ball during high-speed impact with the bat must also be 

quantified, and the effect of variation in ball material properties determined.  
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2 LIST OF FIGURES 
 

Figure  2.1 

Photographic and schematic representations of a baseball.  The line drawing 

shows the four layers of the ball internal structure – the cover, twine layer, wool 

packing, and core. 
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3 CHAPTER 3 
 

DEFINITION OF THE PROBLEM 
 

 

3.1 RESEARCH DESIGN 
 

The purpose of this research was to investigate the contribution of bat design 

and ball material properties to the dynamics of the bat-ball impact and ball exit 

velocity (BEV) in a field situation, using finite element analysis (FEA).  The 

discretisation of this question of interest into a logical solvable problem is shown 

in Figure 3.1.  The aim of modelling is not to develop an exact representation of 

reality but an effective, reliable approximation that provides appropriate 

accuracy at minimum cost (Bathe, 1996).  The research question was formed 

into a first approximation using the simplest possible physical model with well-

defined, justifiable assumptions and simplifications.  In this study, this 

constitutes the use of an unconstrained rigid body to represent the bat and a 

linear viscoelastic material model for the ball as a first approximation to its time-

dependent behaviour.  Experimental data was required for the kinematics of 

wood and metal bats when swung by high-performance hitters, and for the 

material response of baseballs subjected to large deformations.  A brief 

description of each investigation is provided below ( 3.1.1 -  3.1.3). 

 

3.1.1 Baseball bat kinematics with implications for BEV (Chapter 4) 
 

Experimental evidence such as that of Shenoy et al. (2001) indicates bat-ball 

contact time may be as short as 1 ms.  It is reasonable, as an initial estimate of 

the risk of a pitcher being struck by the ball, that the bat should be treated as a 

rigid body (i.e. the vibrational properties of the bat do not affect on the energy 

returned to the ball).  Rigid models are appropriate when bat deformation is 

negligible compared to its overall motion and the collision duration was much 

shorter than the time taken for an impulse to propagate to the hitter’s hands and 

back (Williams, 1994). Therefore, BEV is highly dependent on the linear velocity 

of the bat impact point at the instant prior to contact.  The velocity with which a 

bat can be swung is related to the bat  
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Figure 3.1 
Flowchart representing the research design employed to investigate the 

dynamics of bat-ball impact using finite element analysis, and thereby evaluate 

the maximum risk to a baseball pitcher of being struck by a baseball hit by a 

wood or metal bat. 

REALITY 
Risk of impact injury to baseball pitchers from baseballs hit into the 

infield at high velocities. 

PHYSICAL MODEL OF BAT- BALL IMPACT 
Assumptions, simplifications, geometry 

BASEBALL BAT 
KINEMATICS 

• 3-D bat geometry 
• 3-D orientation 
• Linear and angular velocity 
• Rigid body assumption 

BASEBALL MATERIAL 
PROPERTIES 

• Large deformation 
(hyperelastic) response 
• Strain-rate dependence 
(viscoelasticity) 

FINITE ELEMENT ANALYSIS 
Equations of motion, initial conditions, boundary conditions 

Discretisation into nodes and elements 

FINITE ELEMENT SOLUTION 
Numerical results 

RISK ANALYSIS 
Interpretation of numerical results with respect to reaction-time data 
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design, particularly the distribution of mass along the long axis of the implement 

(swing moment of inertia).  Substantial differences in moment of inertia exist 

between wood and metal bats of the same length and mass.   

 

The relative distribution of mass between the bat handle and barrel may also 

result in differences in the 3-D orientation of the bats just prior to impact.  In 

Chapter 4, the linear and angular velocity and 3-D orientation of wood and 

metal bats of equal length and mass just prior to impact are quantified using 

high-speed videography.  Seventeen high-performance batters hit balls thrown 

by a pitcher using each bat, and bat motion was captured using two 200 Hz 

cameras.   

 

3.1.2 Modelling deformation behaviour of the baseball (Chapter 5) 
 

Adair (1997) speculated the baseball may be compressed as much as 50 % 

during high-speed impact with the bat, although available experimental results 

were limited to quasi-static compression tests to 10 % of ball diameter.  To 

investigate the large deformation (hyperelastic) and strain rate-dependent 

(viscoelastic) material behaviour of the ball, quasi-static uniaxial compression 

experiments to 50 % of ball diameter were conducted to obtain force-

displacement data (Chapter 5).  Large-deformation material behaviour is difficult 

to evaluate using closed-form equations, so in this research, FEA was used to 

quantify the response of the ball during quasi-static compression and high-

speed impact.  The hyper-viscoelastic material constants obtained were verified 

against the experimental coefficient of restitution results of Hendee et al. (1998) 

for ball impact velocities ranging from 13.2 to 40.2 ms-1. 
 

3.1.3 Finite element analysis of bat-ball impact in baseball (Chapter 6) 
 

To obtain a numerical solution, initial conditions – i.e. the velocity and 

orientation of each bat at the instant before impact, and the material properties 

of the ball – and boundary conditions were formulated from the experimental 

data obtained in Chapters 4 and 5.  The geometry of a wood and a metal bat 

were obtained using calliper measurements at 5 mm intervals along the bat 

length from the bats used in Chapter 4.  The hollow metal bat was also 

31 



sectioned to measure the internal wall diameter.  The analysis was restricted to 

impact at the point of greatest momentum transfer on the bat in order to 

determine the maximum BEV from each bat.  Hence, the finite element 

equations of motion were formed.  By then discretising the problem into 

sufficiently small “elements”, and obtaining the solution over many small time-

steps, it was possible to obtain BEV 0.005 s post-impact (Chapter 6).  To 

account for the large deformations and nonlinear response during bat-ball 

impact, explicit FEA procedures were used.  The risk of impact injuries to 

pitchers was determined using reaction time data for baseball infielders 

(Cassidy & Burton, 1989), and extrapolation of initial BEV over 16.50 m (the 

distance between hitter and pitcher) using aerodynamic theory.  Variation in the 

time-dependent (shear and relaxation) properties of the baseball was 

investigated as a potential control mechanism for BEV.   

 

 

3.2 DELIMITATIONS AND LIMITATIONS 
 

3.2.1 Delimitations 
 

i. Impact injuries to baseball pitchers may be a product of multiple factors, 

for example, the mechanical properties of bats and baseballs, pitcher 

fielding technique, and the size and strength of the hitters.  The 

contribution of these factors is yet to be addressed in the scientific 

literature.  The present study is limited to assessment of the impact 

response of bats and balls. 

 

ii. Only one set of material tests were conducted on baseballs (quasi-static 

uniaxial compression), at one velocity (1 mm.s-1).    

 

iii. This analysis is limited to the "worst-case" scenario for the pitcher being 

struck by the ball off the bat - that when the incident trajectory of ball is 

perpendicular to the point of greatest momentum transfer on the bat and 

the bat treated as a rigid body.   
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3.2.2 Limitations 
 

i. It was assumed the sample of hitters used to obtain bat kinematic data 

(Study 1) were representative of a population of high-performance 

baseball batters. 

 

ii. The exact location of ball impact on the bat was not quantified in Study 1.  

It was assumed the trial giving greatest BEV from each batter was hit from 

the region of maximum momentum transfer on the bat. 

 

iii. High-speed video of each batter in Study 1 was undertaken in an indoor 

batting-cage.  It was assumed hitters used the same technique as would 

be demonstrated in a game.   

 

iv. At the instant prior to impact, the axis of rotation of each bat in Study 1 

was assumed to be located between the hitters hands.  The difficulty of 

manual digitising affected calculation of the exact location of this point. 

 

v. The coefficient of restitution (COR) measurements obtained from explicit 

FEA was compared to the published experimental data of Hendee et al. 

(1998).  In that study, a downward trend for COR as pre-impact velocity 

increased, was reported across the 19 baseball models tested.  This trend 

was very slight for stiff baseballs.  However, as no standard deviations 

were reported for the variation of COR within each ball model, this trend 

may be a statistical aberration. 

 

vi. The aerodynamic calculations of BEV were made using 2-D techniques 

that did not account for lateral forces in ball flight.   

 

vii. The baseball was assumed to be a perfectly smooth sphere in the 

aerodynamic analysis. 
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4 CHAPTER 4 
 

BASEBALL BAT KINEMATICS WITH IMPLICATIONS FOR BALL EXIT 
VELOCITY 

 

Accepted for publication: Journal of Applied Biomechanics: March 2003 

 

 

4.1 INTRODUCTION 
 

The difference in performance of wood and metal bats has been attributed to 

the elastic and vibrational behavior of the bat materials (Ashley, 1991).  

However the impact period between bat and ball (about 1 ms) is much shorter 

than the period of oscillation of a bat held in the hands (8 ms) (Adair, 1997; 

Noble, 1998).  Therefore the manner in which the bat is swung and its ultimate 

orientation and linear velocity at impact play an important role in the momentum 

transferred to the ball.  The purpose of this study was to quantify bat orientation 

and linear velocity at the instant prior to ball contact for wood and metal bats of 

identical length and mass.  These results were then used as input for FEA of 

bat-ball impact to quantify maximum BEV from bats in the field.   

 

 

4.2 METHODS AND PROCEDURES 
 

4.2.1 Sample 
 

4.2.1.1 Sample size 
 
The method for determination of sample size for single-observation analysis 

described by Grimm (1993) was utilised in this study.  The method is based on 

sample sizes used in previous research to obtain reliable results for a given 

dependent variable.  In this case, the dependent variables of interest are bat 

linear velocity and 3-D orientation at the instant prior to impact.  As no data for 

bat orientation are available for comparison, published data for bat linear 
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velocity were used to estimate sample size.  The spread of scores from 

previous studies is shown in Table  4.1.   

 

Power was set at 0.8 for a one-tailed test (p<0.05) in order to minimise type II 

error rate.  A difference of 2 ms-1 was determined a priori as a sufficiently 

sensitive differential between bat performance.  Twenty-nine subjects were 

optimal to detect a 2 ms-1 difference in linear velocity at contact between bat 

types.   

 

4.2.1.2 Selection of subjects 
 

Human Rights clearance was obtained from the University of Western Australia 

Scientific and Ethics Committee.  Official batting statistics from the 1999-2000 

Western Australian State Baseball League competition were obtained.  The top 

fifty batters (by season batting average) were invited to take part in this 

research. These hitters had achieved one standard deviation above the league 

batting average, having participated in at least 20 games of a 37 game season.  

Subjects were mailed an information pack (Appendix 1) outlining the purpose of 

the research.  Subjects were then contacted in person at club training sessions.   

 

Informed consent (on approved forms) was obtained from 17 hitters.  Ten were 

right-handed, and seven left-handed.  Despite not meeting the pre-determined 

optimal sample size, all but three of these hitters were in the top 20 WABL 

hitters from 1999-2000, indicating the sample was of high quality.  The mean 

1999-2000 batting average of the group was .336 ± 0.04.  Participants were 

aged 22.8 ± 4.6 years, with a mean height of 1.8 m (± 0.7 m) and average mass 

of 83.1 kg (± 8.6 kg).  All hitters were experienced in the use of metal bats as 

these were the preferred implements of the State Baseball League, and all 

hitters had regularly used wooden bats as professional players or during 

representative training. 
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Table 4.1 

Bat linear velocity data from previously published research.  These data are 

mainly collected from collegiate and elite hitters, although in a wide range of 

situations, including hitting from a stationary tee and hitting pitched balls. 

 

Author Population Ball delivery Bat linear 
velocity at 
impact (ms-1) 

Marino (1982) 10 Canadian Olympic 

players 

tossed 

baseballs 

23.8 

McIntyre & Pfautsch 
(1982) 

20 college hitters  pitching 

machine 

39.3 

Hirano (1992) 5 skilled, 2 unskilled 

college hitters  

pitching   31.1 

Welch et al. (1995) 1 major league, 6 

minor league players 

hitting off tee 31.0 

Crisco (1998) 17 college hitters  pitching 

machine 

32.1 

Fleisig (2002) 17 college hitters  pitching 

machine 

26.8 
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4.2.2 Baseball bats 
 

Two commercially available models of baseball bats were selected for this 

research.  The metal Easton BE-811 and wooden Easton Redline Pro Stix 271 

are used in high school/collegiate and professional baseball respectively (Kyle, 

2000).  The metal bat was constructed from an alloy of heat-treated aluminium, 

zinc and magnesium.  The wood bat was made of solid white ash wood 

(Fraxnius Americanus).  Bat specifications are listed in Table  4.2 (expressed in 

both S.I. and empirical units as is traditional in baseball).  Bats were selected 

from commercially available models to be as similar as possible in length and 

mass.  While the wood bat conformed to NCAA regulations (see Section 2.3.1), 

the metal bat was slightly outside the length-weight differential.  This may have 

been attributable to small measurement errors in determining the bat length and 

mass, as its length (33 inches) and mass (30 ounces) were stamped on the bat 

as an indicator of NCAA compliance. 

 

The point around which the mass of the bat is distributed was determined by 

balancing the bat longitudinally on a knife-edge (fulcrum method) and 

expressed as the distance from the handle at which the bat balances (Hay, 

1993). The location of the bat centre of mass was approximately 5 cm closer to 

the knob (proximal end) in the metal bat.  Bat swing moments were obtained 

using the pendulum technique described in Elliott and Ackland (1982), and the 

parallel axis theorem (Winter, 1990).  These were verified using a 3-D model of 

each bat constructed using ANSYS 6.1 software (ANSYS Inc., Canonsburg, 

PA.) from measurements taken at 168 intervals along the bat length, and 

published values for the density of white ash (Bragov & Lomunov, 1997) and 

aluminium (Ashby, 1999).  This method was also used to obtain the polar 

moment about the long axis of the bat (Appendix 2).   
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Table 4.2 

Specifications of wood and metal baseball bats used in this study.  Bat length 

and mass are expressed in both metric and empirical units as is customary in 

baseball.  Bat centre of mass (m) is expressed as the distance from the bat 

knob.  Bat swing moment (kg m2) is expressed about the most proximal portion 

of bat (knob).  The polar moment (kg m2) is expressed about the long axis of the 

bat.  Wall thickness of the metal bat was obtained after sectioning the bat.  

 

 WOOD BAT METAL BAT 

Mass kg, oz 0.840 (29.6) 0.805 (28.4) 

Length m, in 0.835 (32.8) 0.834 (32.9) 

Density kg/m3 600 2400 

Young’s modulus Pa 1.22E+10 7.00E+10 

Poisson’s ratio  0.371 0.300 

Centre of mass (CM) m, % length 0.529 (63) 0.479 (57) 

Diameter at widest point (barrel) m 0.064 0.070 

Wall thickness mm   

Handle n/a 34 

Throat n/a 22 

Barrel n/a 33 

Moments of inertia about bat knob   

Iyy (swing moment) kg.m2 0.329 0.269 

Izz (polar moment) kg.m2 0.032 0.057 
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4.2.3 Data collection 
 

4.2.3.1 Experimental setup 
 
Data collection was undertaken at the Western Australian Cricket Association 

Indoor Hitting Facility in Perth.  Testing took place in a net-mesh batting tunnel 

(3 m x 4 m x 26 m).  Data was not collected during organised games in order to 

restrict players to using bats of identical length and mass.  Indoor batting also 

allowed strict control over environmental conditions and pitch velocity and 

trajectory.   

 

All participants attended a familiarisation session.  Approximately 20 minutes 

hitting practice with each bat was undertaken, and information was given about 

filming setup and test protocols.  Fleisig et al. (2002) and Greenwald et al. 

(2001) used a pitching machine to control for swing timing and mechanics.  

Pitching machines were not used in this research as the random nature of the 

rotary mechanism in gripping the baseball seams made the ball trajectory 

uncertain.  Bryant et al. (1979) indicated experienced batting-practice pitchers 

could provide consistent pitch velocity and trajectory.  Experienced pitchers who 

provided repeatable pitch velocity and trajectory were used in this study.  It was 

assumed slight variations in pitch speed were randomly distributed across trials. 

 

During data collection, baseballs were pitched to each subject from a distance 

of 10.7 m.  The average pitch velocity was 23.2 ± 2.4 ms-1.  This is comparable 

to velocities used in the experiments of Fleisig et al. (2002), Greenwald et al. 

(2001) and Bryant et al. (1979).  Rawlings ROL-B1BT model baseballs, which 

are used in the USA Minor League (professional) system, were pitched to all 

batters. 

 

Reflective tape was wrapped around the knob and tip of each bat.  Three 5 cm 

rigid stick markers were mounted orthogonal to the bat long axis at a point 

approximately 30 cm from the bat knob (Figure  4.1). 
 

39 



Each subject was dressed in baseball attire, and wore an approved safety 

helmet.  Height and body-mass were measured prior to data collection using a 

stadiometer and electronic scales, respectively.  Hitters undertook ten minutes 

of supervised warm-up activities consisting of light jogging, stretching and 

hitting.  Each player was then tested batting with both wood and metal bats, 

presented randomly with no information supplied as to bat weight or moment of 

inertia.  Hitters were not permitted to “choke up” on the bat – i.e. their bottom 

hand had to be in contact with the bat knob during the swing, and the top hand 

in contact with the bottom hand.  Hitters were instructed to swing at pitches only 

 

in the mid-section of the strike zone and practiced until they achieved a 

consistent pattern of hard flat hits (linedrives) directed in the global x direction 

(toward the pitcher).  Each subject was then filmed until five linedrives were 

recorded with each bat.  Five to eight minutes recovery were taken between use 

of each bat. 

 

4.2.3.2 High-speed videography 
 

High-speed video data were collected using two electronically-synchronised 200 

Hz cameras with a shutter speed of 1/1000 s.  Cameras were mounted on 

tripods outside the batting tunnel.  The cameras were positioned so their optical 

axes were aligned to approximately 60 deg (Figure  4.2). Data collection was 

triggered manually as the pitcher began his throwing motion.  Direct linear 

transformation (Abdel-Aziz & Karara, 1971) was used to obtain 3-D coordinates 

for the motion of the bat and ball in time increments of 0.005 s.  A standard 

calibration frame provided 24 control points with known spatial coordinates in a 

volume of 2.5 x 2.0 x 1.5 m, which enclosed the total area of the swing and 

initial ball exit trajectory (Figure  4.3).  In the global coordinate system, the y-

direction was defined as vertically upward.  The x-direction was defined as a 

vector pointing from home plate towards the pitcher, perpendicular to the y-

direction.  The z-direction was defined as the cross-product of y and x.
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Figure 4.1 
Baseball bat showing orthogonal stick markers mounted to the handle. 
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4.2.3.3 Data reduction and management 
 

The middle of the ball and six points on the bat were manually digitised using 

Peak Motus 2000 software (Peak Performance Technologies, Englewood, CO).  

Three trials were digitised for each subject.  These trials were selected using 

visual inspection of the ball flight path from each camera angle to obtain those 

hits in which post-impact ball flight was primarily in the positive-x direction.  The 

bat was digitised from the first movement of the hitter’s hands in the negative-y 

direction.  Digitising ceased one frame (0.005 s) prior to ball impact to avoid 

discontinuity effects attributable to the momentum of the ball impacting the bat 

(Winter, 1990).  The post-impact motion of the ball was digitised as a separate 

trial, commencing from the frame of bat-ball impact and concluding 10 frames 

later.  A quintic spline was used as a smoothing and interpolation function.  A 

mean volume percentage error of 0.3 % was obtained for manual digitising, with 

an average mean square error of 0.0095 m.  Redigitising three randomly 

selected trials after two weeks assessed repeatability of data.  Bat tip linear 

velocity and bat orientations at the instant prior to impact varied by less than 1 

%. 

 

For each subject, the trial producing the highest bat-tip linear velocity in the pre-

impact frame was selected for further analysis, to represent the “worst case 

scenario” for maximum BEV.  A description of the methods by which the 

dependent variables were determined is provided below. 

 

4.2.3.3.a Linear velocity 

 

The linear velocity components of the leading surface of the bat tip, the bat 

knob, and a point between the hitter’s hands, were determined using a second-

order central difference algorithm to calculate 3-D velocity from 3-D position 

(Peak Motus software manual, 2000).  Linear velocity was defined as the 

magnitude of the 3-D velocity vector for the frame prior to impact (in the global 

Cartesian coordinate system). 
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Figure 4.2 

Schematic of data collection setup for high-speed videography of baseball bat 

kinematics.  The tests were conducted in an indoor batting cage.  Shown here 

are the location of cameras, protective screens, and the radar gun. 
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Figure 4.3 

The Peak calibration frame used in study of 3-D baseball bat kinematics. 
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4.2.3.3.b Angular velocity 

 

Rigid body motion of baseball bat involves both translation and rotation.  A 

numerical technique detailed in Verstraete and Soutas-Little (1990) was used to 

derive the components of the angular velocity vector from digitised 3-D position 

data.  The technique was based on the Method of Least Squares.  The bat was 

deemed a rigid body in which the magnitude of the relative position vector r
ρ 

between any two points remains constant with time and the linear velocity, vϖ, of 

any point m may be expressed relative to the velocity of any other point n as: 

Equation 4 

n/mn/m rv
ρρρ

×ω=
 

 

Six points on the rigid bat were used for this method, unlike previous methods 

of calculating bat angular velocity, which have required additional kinematic 

data from hitter's upper limbs (e.g., Fleisig et al. (2002).  The six points were: 

bat tip (TIP), the three orthogonal markers mounted on the bat (MAR1, 2, 3), a 

point between the hitter’s hands (HANDS), and the bat knob (KNOB).  The 

relative position vectors and relative velocity vectors formed by each point with 

respect to HANDS were determined for the frame prior to impact.  The 

equations relating the angular velocity of the bat to the relative linear velocities 

of the target points, were written in the form of Equation 4: 

Equation 5 

HANDS/KNOBHANDS/KNOB

HANDS/3MARHANDS/3MAR

HANDS/2MARHANDS/2MAR

HANDS/1MARHANDS/1MAR

HANDS/TIPHANDS/TIP

rv
rv
rv
rv

rv

ρρρ

ρρρ

ρρρ

ρρρ

ρρρ

×ω=
×ω=
×ω=
×ω=

×ω=

 
 

Three scalar equations were used in each of the forms of Equation 5 to solve 

for the components of ω.  The scalar equations were written as: 
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Equation 6 
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where a, b, c represent the coefficients of the relative position vectors; d is the 

coefficients of the relative velocity vectors.  A total of fifteen scalar equations 

were obtained for the components of angular velocity.  The solution was 

expressed in the form  

 

Aω = B 

 

where A is a (9 x 3) coefficient matrix, B is (9 x 1) linear velocities matrix, and ω 

is a (3 x 1) matrix of the form [ωx, ωy, ωz]Τ.  Using the inverse matrix relationship  

 

A-1Aω =A-1B 

ω =A-1B 

 

The solution for both metal and wood bats was obtained using a standard linear 

equations solution code written in Matlab 5.3 (Mathworks, Natick, 

Massachusetts). 

 

 

4.2.3.3.c Bat orientation 

 
The global 3-D orientation of the rigid bat was defined both with respect to the 

horizontal (XZ) (Figure  4.4) and vertical (XY) planes (Figure  4.5).  The 

orientation to the horizontal plane was defined as a projected angle counter-

clockwise from the global x-axis to the vector defining the bat (from knob to tip).  

An angle of 270 deg indicated the bat was parallel to the global z-axis and also 

to the front edge of the home plate.  The position of the bat barrel (distal end of 

the bat) above or below the hitter’s hands was measured from the global y 
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(vertical) axis through the hitter’s hands to the bat tip.  An angle of 90 deg 

indicated the bat was perpendicular to the global XZ plane (perfectly horizontal).  

 
4.2.3.3.d BEV 

 

Post-impact ball horizontal velocity was quantified from the displacement of the 

ball between the first and second frames after impact in the x-direction.   

 

4.2.3.3.e Swing time 

 

Swing time was defined as the period from the first movement of the hitter's 

hands in the negative y direction, to the instant prior to ball contact. 

 

 

4.2.4 Statistical analysis 
 

Paired-sample one-tail t-tests were used to test for differences between the 

wood and metal bat for the instant prior to impact for linear velocity, angular 

velocity, bat orientation, swing time and BEV.  It should be noted the resultant 

linear velocities reported in Table  4.3 were determined from the square-root of 

the sum of the squared component velocities.  As velocity is a function of 

displacement and time, and time is a constant whereas x, y, and z 

displacements are random variables, the distribution of the resultant velocity is 

Chi-square distributed, not normal.  Therefore, the Wilcoxon Signed Ranks test 

was used to investigate differences between bat resultant velocities.  The 

Bonferroni correction was taken into consideration in selecting a significance 

level of p<0.01 (Thomas & Nelson, 1996).
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Figure 4.4 

Horizontal bat orientation, viewed from above.  An angle of 270 deg indicates 

the bat is parallel with the front of home plate and perpendicular to the global z-

axis. 
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Figure 4.5 

Vertical bat orientation is measured as the included angle between the global y 

(vertical) axis and a vector corresponding with the long axis of the bat.  This 

angle describes the orientation of the bat above or below a horizontal plane 

passing through the most proximal end of the implement, where 90 deg 

indicates the bat is parallel with this x-z plane. 
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4.3 RESULTS 
 

Bats in this study were restricted to those of identical length and mass but 

different moment of inertia to determine the effect of this variable on BEV and 

the velocity and orientation of each bat just prior to impact.  The results of the 3-

D kinematic analysis are given in Table  4.3.  Assuming the hitters used equal 

effort when swinging each type of bat, batters in this study achieved significantly 

greater bat tip resultant linear velocity at the instant prior to ball impact when 

using a metal bat (38.3 ± 1.8 ms-1) compared to a wood bat (36.4 ± 1.7 ms-1) (p 

= 0.001).  The primary manifestation of the difference in tip linear velocity was in 

the global x-component (that directed toward the pitcher), with 37.2 ± 1.8 ms-1 

recorded for the metal bat compared to 35.2 ± 1.8 ms-1 from the wood bat (p = 

0.002).  This significant difference was also noted for the linear x-velocity of the 

proximal (grip) end of the bat immediately prior to impact (5.4 ± 1.6 ms-1 for the 

metal bat, 3.9 ± 2.0 ms-1 for the wood bat; p = 0.01).   

 

Bat angular velocity about an axis approximately 10 cm proximal to the bat knob 

was calculated for a subsample of nine hitters.  The calculation method relied 

upon manual digitising of the stem-markers mounted on the bat at the frame 

prior to impact, and the three markers were not always visible in this frame due 

to the supination of the players’ wrists during the swing.  This limited the 

number of subjects from whom data could be included in the analysis.  

However, with regard to the nine players for whom an adequate view could be 

obtained, the derivation of angular velocity results may be regarded as stable - 

Verstraete and Soutas-Little (1990) showed the Least Squares method was 

reliable and consistent for calculating angular velocity from positional data.  

Angular velocities related to the two primary moments of the bat are reported in 

Table  4.3.  The component of angular velocity about the bat handle, ωy, was 

almost identical for both bat types (approximately 40 rad.s-1).  In this study, 

angular velocity about the bat long axis (ωx) is also reported, as it is related to 

bat polar moment - the larger the polar moment, the more stable the bat is 

against twisting within the hands at impact (Brody, 2000).  The metal bat, with  
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Table 4.3 

Dependent variables for hitters using wood and metal bats. Velocities and 

angles are expressed at the instant 0.005 s prior to ball contact.  Mean resultant 

linear velocities (ms-1) are reported as the square-root of the summed individual 

squared component velocities. Bat angular velocity (rad s-1) is expressed about 

an axis of rotation located proximal to the hitter’s hands.  The global coordinate 

system is rotated 180 deg about y-axis for left-handed hitters to maintain sign 

convention.  The angle “Vertical” describes the orientation of the bat barrel 

above or below a horizontal plane and is measured with respect to the global y 

(vertical) axis: 90 degrees indicates the bat is perfectly horizontal.  “Horizontal” 

is measured counter-clockwise from the global x-axis, and 270 degrees 

indicates the bat is parallel to the global z-axis. Swing time is defined as the 

instant of the first negative-y displacement of the hitter’s hands, until ball impact. 

 

 WOOD BAT METAL BAT p 

Ball exit velocity    

BEV    ms-1 41.7 ± 1.9 44.3 ± 2.5 0.001* 

Bat linear velocity – distal end    

TIPX    ms-1 35.2 ± 1.8 37.2 ± 1.8 0.002* 

TIPY    ms-1 -1.7 ± 4.3 -0.7 ± 5.1 0.248 

TIPZ    ms-1 3.9 ± 6.0 4.8 ± 4.6 0.284 

TIPR    ms-1 36.4 ± 1.7 38.3 ± 1.8 0.001* 

Bat linear velocity – proximal end    

HANDSX    ms-1 3.9 ± 2.0 5.4 ± 1.6 0.01* 

HANDSY    ms-1 1.1 ± 1.5 1.2 ± 1.1 0.486 

HANDSZ    ms-1 -0.2 ± 5.5 1.0 ± 5.8 0.230 

HANDSR    ms-1 6.9 ± 2.1 8.1 ± 1.9 0.051 

Bat angular velocity    

ωx   rad.s-1 4.6 ± 4.2 6.5 ± 4.0 N/A 

ωy     rad.s-1 40.0 ± 9.9 40.4 ± 4.5  

Bat 3-D orientation    

Vertical deg 117.8 ± 7.5 120.3 ± 5.9 0.125 

Horizontal deg 251.5 ± 10.4 264.3 ± 9.1 0.001* 

Swing time s 0.150 ± 0.01 0.139 ± 0.02 0.01* 
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its larger barrel diameter, demonstrated greater ωx, although the values 

obtained for metal and wood bats (6.5 ± 4.0 rad.s-1 and 4.6 ± 4.2 rad.s-1 

respectively) are small compared to that for ωy. 

 

This study was the first to quantify the 3-D orientation of each bat at the instant 

prior to impact.  The greater first moment, and therefore relatively heavier 

barrel, of the wood bat was hypothesised to affect the position of the bat barrel 

above or below the hitter’s hands at impact.  However, there was no significant 

difference in orientation with respect to the global y-axis between wood and 

metal bats (117.8 ± 7.5 deg and 120.3 ± 5.9 deg respectively, p = 0.125).  A 

significant difference was evident in the horizontal position of the bat at the 

instant prior to impact.  The metal bat orientation was almost perpendicular to 

the path of the incoming ball (264.3 ± 9.1 deg, where 270 deg indicates a 

perfectly “square” impact).  The tip of the wood bat was located about 13 deg 

behind this horizontal position (251.5 ± 10.4 deg) (p = 0.001).  The greater 

inertia of the wood bat affected the swing time (Table  4.3).  Mean swing time 

was significantly higher for hitters using the wood bat (0.150 s) compared to the 

metal bat (0.139 s) (p = 0.01).    

 

Mean BEV produced by hitters using the metal bat (44.3 ms-1) exceeded that 

from the wood bat by 2.3 ms-1, although the difference was not statistically 

significant (p = 0.0257) (Table  4.3).  This may have been a result of the sample 

size in this study.  A positive skew (k = 0.604) for BEV from the metal bat 

indicated BEV from this bat tended to be higher than the group mean of 44.3 

ms-1.   

 

 
4.4 DISCUSSION 
 

While this study was conducted to obtain kinematic input for FEA of bat-ball 

impact, it has singular scientific merit through measurement of differences in bat 

orientation and velocity for wood and metal bats prior to impact.  Batting is an 

open skill in which translational and rotational motion transfers energy from the 

hitter’s body to the distal end of the ultimate segment (Putnam, 1993), in this 
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instance the bat, and hence to the ball.  It is important to determine the relative 

motion and orientation of this ultimate segment to draw conclusions about the 

effect of bat design on BEV.  The results from this study suggest bat moment of 

inertia has an important role in the swing performance of wood and metal bats 

as measured by BEV.  For wood bats, mean BEV (40.8 ms-1) was comparable 

that reported by Bryant et al. (1979) (39.6 ms-1) but less than that obtained by 

Greenwald et al. (2001) (44.2 ms-1).  Mean metal bat BEV (44.0 ms-1) was less 

than that obtained by Greenwald et al. (2001) for collegiate and minor league 

hitters (47.6 ms-1).    However, neither Bryant et al. (1979) nor Greenwald et al. 

(2001) controlled for bat length and mass, so it is unclear if the source of the 

BEV difference was due to bat weight distribution or factors related to bat mass 

or length. 

 

This study enabled direct comparison of wood and metal bat performance by 

restricting test bats to those of identical length and mass.  This allowed more 

rigorous quantification of the bat design factors related to BEV.  The results 

from this study suggest bat moment of inertia is important to the swing 

performance of both wood and metal bats.  Resultant bat tip linear velocities 

were higher than reported by Fleisig et al. (2002), Hirano (1987), and Welch et 

al. i1995), and comparable to the results of McIntyre and Pfautsch (1982).  It 

should be noted that Fleisig et al. (2002) measured linear velocity 15 cm from 

the bat tip and not at the most distal point of the bat.  Hitters in the study of 

Welch et al. (1995) were analysed while batting from a stationary tee, and 

Hirano (1987) used only one camera mounted above the hitter to quantify bat 

velocity, assuming planar bat motion which may have introduced errors into the 

analysis.   The difference in swing moment between the two bats produced no 

quantifiable difference in angular velocity about the swing axis of the bat (ωy).  

The pre-impact value of approximately 40 rad.s-1 was comparable to that 

obtained by Fleisig et al. (2001) (38 rad.s-1).  The handle-weighted metal bat 

developed significantly greater linear velocity in the component of the swing 

directed toward the pitcher (x-component).  This was evident for both the 

proximal (5.4 ms-1) and distal (37.2 ms-1) ends of the bat.  Linear velocity for the 

proximal (grip) end of the bat has not previously been reported, but proved a 

significant difference between the wood and metal bat and is an important 
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variable related to the overall timing of the swing.  The lower moment of inertia 

(heavier handle) of the metal bat suggest this design practice allowed the hitter 

to develop greater resultant hand velocity (8.1 ms-1 compared to 6.9 ms-1) for a 

shorter swing time (0.139 s compared to 0.150 s for the wood bat).  The greater 

velocity of the hitter’s hands when using the metal bat may explain the claim of 

Thurston (1999) that the primary advantage of using a handle-weighted bat is 

enhancement of angular acceleration. This permits delay in the onset of the 

swing and greater opportunity to detect the flight and velocity of the incoming 

ball.  The values for swing time are comparable to those reported by McIntyre & 

Pfautsch (1982) (0.125 - 0.142 s in 20 collegiate batters) and  Race (1961) 

(0.19 s for 17 minor league hitters).  The advantage of this design is further 

evidenced by the horizontal orientation of the metal bat at the instant of impact, 

which was typically 13 deg ahead of the position achieved by the wood bat 

(264.3 deg compared to 251.5 deg).  This is the first study to quantify this 

orientation.  The less oblique impact between the metal bat and the ball is 

important in generation of BEV as less energy is lost to lateral motion. 
 

Data from the components of linear and angular velocity for each bat will be 

used as input for FEA of bat-ball impact.  These values also have important 

practical implications for understanding the kinematics of batting and BEV 

production.  An increase in vertical velocity prior to contact has been described 

as “positioning the bat to meet the ball” in softball hitters (Messier & Owen, 

1984).  Any such effect was not noted in this study.  At impact, the y-component 

of tip linear velocity was directed downward for both bats.  This may be a 

distinguishing feature between softball and baseball batting techniques.  

However, the results obtained are specific to this population of baseball players, 

and no other data for baseball bat component velocities is available for 

comparison.  Great hitters such as Ted Williams have anecdotally indicated the 

value of contacting the ball with the bat directly over the home plate for 

maximum BEV (Williams & Underwood, 1972).  A “square” impact between bat 

and ball increases BEV through the minimal loss of ball energy to lateral motion 

(Hay, 1993), and may explain the higher BEV recorded from the metal bat.    
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4 CHAPTER 4 FIGURES AND TABLES 
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Figure  4.1 

Baseball bat showing orthogonal stick markers mounted to the handle. 

Figure  4.2 

Schematic of data collection setup for high-speed videography of baseball bat 

kinematics.  The tests were conducted in an indoor batting cage.  Shown here 

are the location of cameras, protective screens, and the radar gun. 

Figure  4.3 

The Peak calibration frame used in study of 3-D baseball bat kinematics. 

Figure  4.4 

Horizontal bat orientation, viewed from above.  An angle of 270 deg indicates 

the bat is parallel with the front of home plate and perpendicular to the global z-

axis. 

Figure  4.5 

Vertical bat orientation is measured as the included angle between the global y 

(vertical) axis and a vector corresponding with the long axis of the bat.  This 

angle describes the orientation of the bat above or below a horizontal plane 

passing through the most proximal end of the implement, where 90 deg 

indicates the bat is parallel with this x-z plane. 

 
LIST OF TABLES 

 

Table  4.1 

Bat linear velocity data from previously published research.  These data are 

mainly collected from collegiate and elite hitters, although in a wide range of 

situations, including hitting from a stationary tee and hitting pitched balls. 

Table  4.2 

b 



Specifications of wood and metal baseball bats used in this study.  Bat length 

and mass are expressed in both metric and empirical units as is customary in 

baseball.  Bat centre of mass (m) is expressed as the distance from the bat 

knob.  Bat swing moment (kg m2) is expressed about the most proximal portion 

of bat (knob).  The polar moment (kg m2) is expressed about the long axis of the 

bat.  Wall thickness of the metal bat was obtained after sectioning the bat.  

Table  4.3 

Dependent variables for hitters using wood and metal bats. Velocities and 

angles are expressed at the instant 0.005 s prior to ball contact.  Mean resultant 

linear velocities (ms-1) are reported as the square-root of the summed individual 

squared component velocities. Bat angular velocity (rad s-1) is expressed about 

an axis of rotation located proximal to the hitter’s hands.  The global coordinate 

system is rotated 180 deg about y-axis for left-handed hitters to maintain sign 

convention.  The angle HORIZ describes the orientation of the bat barrel above 

or below a horizontal plane: 90 degrees indicates the bat is perfectly horizontal.  

VERT is measured counter-clockwise from the global x-axis, and 270 degrees 

indicates the bat is parallel to the global z-axis. Swing time is defined as the 

instant of the first negative-y displacement of the hitter’s hands, until ball impact. 
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5 CHAPTER 5  
 

MODELLING DEFORMATION BEHAVIOUR OF THE BASEBALL 
 

 

5.1 INTRODUCTION 
 

Regulating baseball response to impact is a potential method to control the 

velocity of balls hit into the infield in baseball.  Little attention has been paid to 

the contribution of the baseball to the dynamics of bat-ball impact, despite 

recommendations such as those of Heald (1999), who suggested decreasing 

ball “compressibility” as a method of controlling BEV.  For such a 

recommendation to be instituted, the deformation response of the baseball 

during high-speed impact must be quantified.  The purpose of this research was 

to develop a constitutive model to describe baseball behaviour during impact for 

a very stiff and a ‘softer’ type of baseball used by high-performance players.  

The model will be based on quasi-static experiments to 50 % of ball diameter, 

and published data for ball coefficient of restitution (COR) (Hendee et al., 1998). 

 

 

5.2 METHODS 
 

5.2.1 Unconfined uniaxial compression experiment 
 

To obtain force-displacement data, uniaxial compression testing of 70 baseballs 

from seven models was conducted.  The baseballs were representative of those 

currently used in collegiate and professional baseball.  All baseballs were 

subjected to a standardised pre-test preparation.  Each ball was weighed twice 

on a Metters electronic balance with output of two decimal places (Table  5.1).  

Ball diameter at the widest point on three orthogonal axes was measured twice 

using Harpenden callipers.  Balls were stabilised at room temperature (20 oC) 

for 24 hours prior to testing.  
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Table 5.1 

Physical characteristics of baseballs used in compression testing (n = 70).   

MODEL   USAGE CODE n INITIAL DIAMETER (cm) MASS (g) 
       

  

X-Y Y-Z X-Z  

Rawlings100 AAA (USA Minor League) A 12 Mean 7.17    7.19 7.18 147.15

   SD  0.03    

  

0.02 0.03 1.23

Rawlings200 AAA and AA Minor Leagues B 12 Mean 7.19    

 

7.19 7.18 144.28

  SD  0.03    

  

0.03 0.03 0.91

ROLB AA and A Minor Leagues C 12 Mean 7.18    

 

7.18 7.16 145.20

  SD  0.03    

  

0.03 0.03 0.64

ROLB1 Feeder and Rookie Leagues (USA) D 6 Mean 7.16    

 

7.17 7.16 145.63

  SD  0.08    0.07 0.08 2.26

ROM AAA (USA Minor League) and Claxton Shield 

(Australia) 

E  10 Mean 7.20    

 

7.20 7.20 145.72

  SD  0.02    

  

0.02 0.03 0.80

ROML Major League Baseball F 8 Mean 7.19    

 

7.21 7.19 146.24

  SD  0.05    

  

0.04 0.01 1.49

WILSON USA collegiate (Pac 10 conference) G 10 Mean 7.11    

 

7.12 7.12 143.33

  SD  0.03    0.03 0.03 1.19
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Each ball was positioned between two circular stainless steel platens in the 

Instron 8501 hydraulic press (Instron Corp., Canton, Mass.).  The upper platen 

was attached to a calibrated 100 kN load cell (resolution = 0.0001 N).  Testing 

was conducted at 1 mm.s-1 as pilot testing at 1, 0.1 and 0.01 mm.s-1 produced 

similar force-displacement curves.  The onset of the loading phase was 

indicated by the first non-zero force reading, and terminated at 35.86 mm (50 % 

of undeformed baseball diameter).  Only one loading cycle was completed for 

each ball due to the destructive nature of the test.  Force-displacement data 

were sampled at 5 Hz using LABTECH Notebook software with DAS8-type 

boards and EXP16 multiplexors.  The force-displacement data were normalised 

to 100 data points (as a percentage of maximum displacement) using Microsoft 

Excel (Microsoft Corporation, Seattle). 

 

The surface of the baseball is irregular due to its pattern of seams.  Testing for 

the effect of ball orientation on force-displacement relationship was undertaken 

using two orientations - one in which the contact points for the upper and lower 

platens were on the ball cover, and the other where the ball was orientated on 

its seams (Figure  5.1).  Pilot tests indicated no major difference in force-

displacement curves from testing two randomly selected balls (at 1 mm.s-1 to 50 

% of ball diameter) for each of three positions on the ball cover.  The same 

result was noted for three positions on the seams.  Hence cover orientation in 

the xy plane was selected as the standard orientation for all further tests.  Tests 

were also conducted using a seam orientation in order to develop a material 

model representative of impacts in this orientation. 

 

5.2.2 Implicit FEA for baseball relaxation behaviour 
 

The experimental force-displacement curves contained no linear portion from 

which a meaningful elastic modulus could be determined (e.g. Figure  5.6).  The 

geometric nonlinearity prohibits the use of linear elastic theories to quantify 

material behaviour (Vallee & Shukla, 1996).  Nonlinear analysis is required to 

account for the large deformations of the ball and changing structural stiffness 

which is a fundamental characteristic of nonlinear behaviour (Wielgosz & 

Marckmann, 1996).  Therefore implicit FEA was used to provide numerical  
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Figure 5.1 
The effect of ball orientation on force-displacement relationships was quantified 

using two orientations: one in which force was applied on the ball cover (at the 

widest point in the xy, xz and yz planes) (a), and the other in which the ball was 

orientated on its seams (b). 
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description of the hyperelastic behaviour.  ANSYS 6.1 software was used to 

replicate the experimental setup (Figure  5.2).  The ball was modelled as a solid 

sphere centred at the global origin with a radius of 36 mm.  Due to the inherent 

symmetry of the structure, the sphere was subdivided to a one-eighth section of 

the original.   

 

Mesh density is critical to the accuracy of the FEA solution.  If the level of 

discretisation (i.e. the number of degrees of freedom) is too small, the model 

resolution will be too low to accurately represent the dynamics of the structure 

(Friswell et al., 1997; Khalil & Viano, 1993).  When mesh density is infinite, the 

solution approaches the true solution to the mathematical model.  The sphere 

section was initially meshed with 500 elements.  This compares quite well with 

other analyses of sports ball material behaviour (Iwata et al., 1990).  The 

sphere-section was initially meshed with 500 eight-noded hexahedral elements 

(ANSYS element type SOLID185).  The adequacy of the mesh was assessed 

by repeating the analysis using meshes of 108 and 2048 elements (Table  5.2).  

The steel platen had dimensions of 200 mm x 200 mm x 14 mm, and was 

meshed as a single-element (hexahedral) rigid body to reduce computational 

cost.  ANSYS software requires input of material properties for rigid bodies so 

the program can calculate the stiffness of contact surfaces.  Properties invoked 

for the wall were those of mild steel (density: 7850 kg.m-3, Young’s Modulus: 

2e7 Pa, Poisson's ratio: 0.292) (Ashby, 1999). 

  

Description of material behaviour in elastomers is commonly undertaken using 

hyperelastic theory.  Hyperelasticity refers to materials that can experience 

large elastic strain that is recoverable, e.g. rubber-like materials.  A material is 

said to be hyperelastic if there exists an elastic potential function (or strain 

energy density function), which is a scalar function of one of the strain or 

deformation tensors (Ogden, 1984).  In this case, the well-known Mooney-Rivlin 

hyperelastic strain energy function (Mooney, 1940) was adopted:   
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Figure 5.2 
Model of a one-eighth section of a baseball, showing FE mesh and eight-node 

hexahedral element with coordinate axes.  The steel platen is meshed with 

ANSYS contact elements.  Area 1, from which reaction forces are computed to 

determine the response of the ball to compression, is illustrated.  The ball 

section was meshed with ANSYS SOLID185 elements, defined by eight nodes 

having three translational degrees of freedom at each node (in the nodal x, y, 

and z directions). The element has plasticity, hyperelasticity, stress stiffening, 

creep, large deflection, and large strain capabilities.  SOLID185 uses selective 

reduced integration to help prevent volumetric mesh locking in nearly-

incompressible cases, by replacing volumetric strain at the Gauss integration 

point with the average volumetric strain of the elements (ANSYS Theoretical 

Manual, 1999).
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Table 5.2 

Number of nodes, elements, and degrees of freedom (DOF) used in finite 

element analysis of unconfined uniaxial compression of the baseball.  Central 

refers to the primary mesh employed in the analysis.  Elements consisted of 8-

node hexahedral (SOLID185) ANSYS elements, each having 3 DOF 

(translations in the nodal x, y and z directions).  Employing significantly coarser 

and finer meshes assessed the efficacy of the central mesh by comparing the 

convergence of force-displacement curves obtained in each analysis. 

 

 

Mesh 
density 

Elements Nodes DOF 

Central 675 5000 13330 

Coarser 160 1180 3040 

Finer 2365 18020 50120 
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Equation 7 

201110 )3()3( −+−= ICICW
 

 

The assumption of isotropic material response allows the scalar W to be 

expressed in terms of strain invariants (Ogden, 1984).  The assumption of 

isotropy is reasonable as the ball may have an angular velocity exceeding 2000 

rpm at impact with the bat (Adair, 1997), and hence its orientation during impact 

is entirely random and any effects attributable to the assymmetric structure of 

the ball will also occur randomly.  As a result, strain energy W depends on the 

histories of strain invariants only.  The strain invariants I are given by: 

 

tensor; strain Green-Cauchy left a is [B] where],[BTraceI =1  

3

2
1

2 2
][

I
BTraceII −

=
 

]det[3 = BI   

 

For infinitesimal strain conditions, the sum of constants C10 and C01 have a 

physical meaning of one-half the shear modulus, G, in undeformed state: i.e. 

 

Equation 8 

20110
 G

CC =+  

 

The application of the Mooney-Rivlin model to baseball behaviour during 

compression required estimation of these two constants to fit the experimental 

force-displacement data.  Two separate cases were considered.  Constants 

were obtained for baseball Model B (in cover orientation), which exhibited the 

steepest force-displacement curve of the seven baseball types tested and was 

assumed would produce the highest COR.  A set of material constants was also 
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devised for Model C (in seam orientation), which had the flattest force-

displacement curve and was deemed to represent the “softest” model.  

Systematic variation in the values of C10 and C01 was undertaken to provide the 

best fit to the force-displacement data.   

 

Contact between the ball and platen was defined using the robust General 

Surface-to-surface contact algorithm, in which automatically generated “target” 

and “contact” surface elements form a contact pair.  For 3-D contact, the 

ANSYS elements used are TARGE170 and CONTA173.  These elements 

support arbitrarily-shaped contact area and large deformation with significant 

amounts of sliding and friction.  The contact surface was designated as the 

nodes of the ball outer surface; the target surface was that containing the nodes 

of the undersurface of the platen.  The contact stiffness was automatically 

calculated by ANSYS using the material properties of the underlying elements. 

By default, ANSYS assumes frictionless contact between surfaces.  A friction 

coefficient of 0.2 was assigned in this analysis (Grigoriev & Meilikhov, 1997).   

  
Symmetry constraints were imposed on all exposed internal surfaces of the ball 

(Figure  5.3).  Contour plots were used to check the components of Cauchy 

stress (Figure  5.4).  These are low at the boundaries, indicating volumetric 

straining of the ball material did not hinder the development of these stresses 

and hence the boundary conditions were acceptable (Memari et al., 1994).  

Because the motion of the mass centre of a rigid body is transferred to its 

nodes, translational and rotational constraints were not applied to each node of 

the upper platen.  Instead, these constraints were applied using the constraint 

fields of the material property definition (EDMP) command.  The platen was 

constrained to permit translational motion in the vertical (y) direction only. 

 

Loading was applied to the ball via the nodes of the platen in the vertical (-y) 

direction, at 1 mm.s-1.  The load was applied in 20 time-steps and terminated at 

50 % of the section height (18 mm) (Figure  5.3).  The smooth transfer of contact 

forces is disrupted if the time step size is too large (ANSYS Theoretical Manual, 

1999).  Automatic time-step control was invoked to predict when the status of a 

contact element would change and cut the current time step back accordingly.   
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Figure 5.3 
Deformed geometry of baseball during compression to 50 % of original 

diameter.  Internal surfaces of the ball were constrained for zero motion to 

permit appropriate lateral expansion of the external surface.  The symmetry 

constraints imposed were: 

Area 1: y = 0 

Area 2: x = 0 

Area 3: z = 0 

The upper platen was constrained for motion in the vertical (y) direction only 

(i.e. x = 0, z = 0). 

64 



 

 

Figure 5.4 

Contour plots of the components of Cauchy stress (a) x-direction, (b), y-

direction, (c) z-direction. 

 

a) 

b) 

c) 
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The resulting nonlinear problem was solved using the Newton-Raphson 

method.   

 

Vertical reaction force data (FY) for the nodes of Area 1 (shown in Figure  5.3) 

was acquired using the post-processing functions of ANSYS.  These data were 

multiplied by 4 to account for the symmetry of the model, and plotted against 

experimental force-displacement curves to evaluate the material parameters.   

 

5.2.3 Explicit FEA for baseball dynamic behaviour 
 

To fully quantify the nature of baseball behaviour, a measure of the rate-

dependent response was required.  This was undertaken using explicit FEA.  

The experimental setup for ball COR testing used by Hendee et al. (1998) was 

replicated using ANSYS/LSDYNA software version 6.1 (LSTC, Livermore, CA.).  

The geometry is illustrated in Figure  5.5.  In the experiments of Hendee et al. 

(1998), baseballs were fired from an air cannon onto a load cell vertically 

mounted on a steel plate.  Five baseballs from each of 19 models were tested 

at five impact velocities ranging from 13.4 – 40.2 ms-1.  In this analysis, a 

homogeneous solid sphere was impacted on a “wall” represented by a single 

vertical rigid element.  The baseball was meshed with LSDYNA 3-D SOLID164 

explicit elements.  SOLID164 is an eight-node hexahedral element with degrees 

of freedom at each node for translation, velocity, and acceleration in the nodal 

x, y, and z directions.   The single element of the wall had dimensions of 0.2 x 

1.0 x 1.0 m.  The wall was meshed with a single SHELL163 explicit element.  

The thickness of this element is specified at four mid-side points.  For this 

analysis, a value of 0.2 m was chosen in order for the wall to be much more 

massive than the ball.  The wall was assigned a rigid material model with the 

properties of structural steel as described in Section  5.2.2.   

 
Mesh density is a major factor affecting the accuracy and objectivity of finite 

element analysis results.  Models with too coarse a mesh may attenuate the 

frequencies of impact and produce an incorrect dynamic response (Bathe, 

1996).  The sphere was initially meshed with 2000 SOLID164 elements, and the 

analysis repeated with 432 and 8192 elements (Table  5.3).   
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Figure 5.5 

Geometry for explicit analysis of baseball transient behaviour. The initial mesh 

density is illustrated in (ai).  The coarser and finer meshes employed in this 

study are shown in (aii) and (aiii).  The deformed geometry is shown in (b). 

ai) Replication of baseball impact test setup in ANSYS/LSDYNA.  The baseball 

was modelled as a solid homogeneous sphere, impacted against a single rigid 

vertical element.  The ball is meshed with LSDYNA SOLID164 explicit 

elements.  SOLID164 is an eight-node hexahedral element particularly robust 

for large deformations through its reduced (one-point) integration and viscous 

hourglass control.  This element has translational degrees of freedom in the x, y 

and z nodal directions. 
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Figure 5.5 
aii) Coarser mesh employed for solution convergence study in explicit analysis. 

 

aiii) Finer mesh employed for solution convergence study in explicit analysis. 
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Figure 5.5 

b) Deformed geometry at the instant of maximum compression for Model B for 

impact at 40.2 ms-1. 
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Table 5.3 

Number of nodes, elements, and degrees of freedom (DOF) used in replication 

of impact testing setup in LSDYNA.  Elements consisted of 8-node hexahedral 

(SOLID164) LSDYNA elements, each having 3 DOF (translations in the nodal x, 

y and z directions).  The rigid wall against which baseballs were impact was 

represented by a single SHELL163 element.  Central refers to the initial mesh 

employed for the baseball in the analysis.  Employing significantly coarser and 

finer meshes assessed the efficacy of the central mesh by comparing the 

convergence of force-displacement curves obtained in each analysis. 

 

 

Mesh 
density 

Elements Nodes DOF 

Central 2001 12259 12255 

Coarser 433 2844 2840 

Finer 6964 48745 48741 
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The LSDYNA general surface-to-surface contact algorithm was assigned to this 

problem as it is considered extremely fast and robust, suitable for large 

arbitrarily-shaped contact areas, and appropriate when contacting bodies 

experience large amounts of relative sliding.  Nodal components were created 

for the ball and the wall.  The friction coefficient (µc) of 0.2 was dependent on 

the relative velocity of the surfaces in contact (ANSYS/LS-DYNA 6.1 Theoretical 

Manual, 2002). 

 

The Extreme-Mooney hyperelastic material model could not be implemented in 

ANSYS/LSDYNA explicit dynamics software (version 6.1).  A linear viscoelastic 

model was therefore adopted as an alternative to investigate strain-rate 

dependence.  Upon application of a load, viscoelastic material response 

consists of an instantaneous elastic deformation and a time-dependent viscous 

component.  Measured stress will initially be large, monotonically decrease in 

time and asymptotically approaching a long-term constant value (relaxed elastic 

stress) (Ogden, 1984).  The shear relaxation behaviour is described by:   

Equation 9 

teGGGtG β−
∞∞ −+= )()( 0  

 
The LSDYNA viscoelastic model is essentially a Maxwell model consisting of 

springs and dampers in series, characterised by input of shear and bulk modulii 

and the decay constant 1/β (ANSYS/LS-DYNA 6.1 Theoretical Manual, 2002).  

Values for long-term (G∞) and instantaneous shear modulus (G0) were required 

to fit the viscoelastic law to the experimental force-displacement data.  Implicit 

FEA of the baseball compression experiments was repeated using this material 

model to determine G∞.  An initial estimate of the value of G∞ was made using 

Equation 8 (in which C10 was set to zero), and this value adjusted to provide 

best fit to the experimental force-displacement results. 

   

The value of G0 was required in this analysis.  The decay constant β, which 

LSDYNA requires be expressed as 1/β, was set close to 1 ms, which is the 

typical duration of bat-ball impact (Adair, 1997).  G∞ and 1/β were held constant 
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and the value of G0 adapted to provide solutions comparable to the 

experimental COR data of Hendee et al.  (1998). 

 

Time-based loads were applied in the form of (2x1) scalar arrays for time (0, 

0.01) and horizontal acceleration (0, 0).  The initial horizontal velocity (vx) was 

then applied directly to the nodes of the ball.  The analysis was conducted for 

pre-impact ball velocities of 13.4, 20.1, 26.6, 33.5 and 40.2 ms-1, as undertaken 

by Hendee et al. (1998).    

 
Explicit dynamic analysis problems typically require an extremely small time-

step to maintain the stability of the solution (Bathe, 1996).  The critical spatial 

time-step is related to the duration of the impact, the maximum frequency of the 

material response and the relative differences in stiffness between the ball and 

wall (ANSYS/LSDYNA theory manual; Vallee & Shukla, 1996).  In this analysis, 

automatic time-stepping was invoked.  Termination time for the solution was set 

at 0.01 s, which was sufficient to capture the duration of the impact and a 

number of post-impact oscillations of the ball.  One thousand time-history result 

files were written for this interval.  Output data from the LSDYNA time-history 

(.HIS) and reaction force (RCFORC) files were read into the Time-History Post-

Processor for the nodal component BALL.  Outcome variables in this analysis 

were: 

 

COR: the ratio of post-impact horizontal (x) velocity (measured 0.005 s post-

impact) to inbound velocity.  Vertical (y) and lateral (z) components of 

velocity were considered negligible and not reported; 

Impact duration: the period between onset of reaction force to the last 

reaction force datapoint (at which instant the ball is assumed to have lost 

contact with the wall); 

Reaction force: x, y, z components and resultant force; 

Ball compression: determined from the x-displacement (in the global 

Cartesian coordinate system) between two nodes located on the leading and 

trailing edges of the sphere; 

Ball lateral expansion: determined from the z-displacement (in the global 
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Cartesian coordinate system) between two nodes located on opposite lateral 

poles of the sphere; 

Impulse of impact: the integral of the impact force-time curve.  The curve 

was fit with a third order polynomial.  The area bounded by the curve and x-

axis estimated using the Trapezoidal Rule with 128 divisions; 

 

5.3 RESULTS 
 

The nonlinear force-displacement relationship for compression to 50 % of 

original ball diameter is evident in Figure  5.6 and Figure  5.7.  The curves are 

concave-upward for all models and contain no linear portion.  Uniaxial 

compression tests with the baseball positioned in cover orientation produced 

consistently steeper force-displacement curves and greater peak force than in 

seam orientation, for all models (Figure  5.6).  The data from ball models chosen 

for further analysis (Model B and Model C) is illustrated in Figure  5.7, indicating 

wide variation in force-displacement response between two models currently 

used in high-performance baseball. 

 

To assess the repeatability of measurements, the coefficient of variation 

(standard deviation divided by the mean) was calculated for normalised force-

displacement curves of four randomly selected balls in each model (Table  5.4).  

The values ranged between 0.05 and 0.11 for models when tested on the cover, 

and 0.04 - 0.12 for seam orientation.  No published data are available for 

comparison.  The variation was attributed to slight aberrations in ball 

positioning.   

 
Comparison of the Mooney-Rivlin and linear viscoelastic models in 

characterisation of the force-displacement curves is given in Figure  5.8(a, b). 

While the linear viscoelastic model tended to overestimate the relaxation 

behaviour, excellent agreement was obtained using the Mooney model for both 
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Figure 5.6 
Experimental force-displacement data for seven baseball models.  Each model 

was tested in cover and seam orientation.  Solid lines illustrate data from cover 

orientations, and data obtained from testing in seam orientation are shown as 

dashed lines.  The mean curve from four randomly selected baseballs in each 

model is shown.    
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Figure 5.7 

Force-displacement data for the extremes of baseball behaviour.  Data from 

Model B is given as a solid line, and that from Model C as a dashed line.  Error 

bars are shown to indicate intra-model variation (n = 4). 
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Figure 5.8 

The fit of Extreme-Mooney and linear viscoelastic models to experimental force-

displacement curves  

(a) Model B  
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Figure 5.8 
 (b) Model C. 
 

0

10

20

30

40

50

-1
.8

0

-3
.6

0

-5
.4

0

-7
.2

0

-9
.0

0

-1
0.

80

-1
2.

60

-1
4.

40

-1
6.

20

-1
8.

00

-1
9.

80

-2
1.

60

-2
3.

40

-2
5.

20

-2
7.

00

-2
8.

80

-3
0.

60

-3
2.

40

-3
4.

20

-3
6.

00

D isp lacem ent (m m )

Ve
rti

ca
l r

ea
ct

io
n 

fo
rc

e 
(k

N
)

M odel B  (ex pt) M odel C (M oon) M odel C (vis co)

77 



 

 

Table 5.4 

Coefficient of variation for four randomly selected baseballs in each model.  

Mean force divided by standard deviation was calculated at 100 (normalised) 

data points on the force-displacement curve, and these values averaged to 

indicate variation in force-displacement relation among balls within each model. 

 

 

Model Coefficient of variation - cover Coefficient of variation - seam

A 0.09 0.09 

B 0.05 0.08 

C 0.05 0.11 

D 0.09 0.09 

E 0.06 0.08 

F 0.09 0.13 

G 0.03 0.05 

Mean 0.07 0.09 
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 types of baseball.  Systematic variation in the values of C10 and C01 indicated 

that for both models, the numerical solution approached the experimental result 

when C10 was set to zero (Extreme-Mooney model).  The values of C01 and G∞ 

that gave the best representation of the peak force, and shape, of the 

experimental force-displacement curve, are given in Table  5.5.   Repeating the 

analysis with significantly coarser and finer meshes resulted in less than 1 % 

difference in force being evident at 20 data points along the force-displacement 

curves (Figure  5.9). 

 

The COR results obtained from explicit analysis ranged from 0.588 (Model C, 

13.4 ms-1) to 0.693 (Model B, 40.2 ms-1) (Table  5.6).  The linear viscoelastic 

coefficients giving best approximation to the experimental data of Hendee et al. 

(1998) are given in Table  5.5, and the results compared in Figure  5.10.  The 

COR data from the stiffest baseball of the 19 models tested by Hendee et al. 

(1998) was chosen for comparison to represent the maximal performance 

potential of baseballs.  In that study, COR decreased marginally with increasing 

impact velocity.  COR increased slightly as pre-impact velocity increased for 

Model B, and remained approximately constant for Model C.    Results of tests 

conducted at 26.6 ms-1 for three mesh densities indicated good agreement for 

COR (0.671 initial, 0.686 coarser, 0.658 finer mesh) (Figure  5.11). 

 

Ball models B and C, while assigned the same value for 1/β (0.007 s), had G0 

values that differed by approximately 33 %.  As impact speed increased, the 

COR of the two baseball models diverged, from 6.2 % difference at 13.4 ms-1 to 

9.0 % at 40.2 ms-1.  As the velocity of impact increased, impact duration 

decreased for both Model B (36.4 %) and Model C (31.6 %).  Similarly, for both 

balls, peak force increased with increasing impact velocity (460 % for Model B 

and 431 % for Model C) (Figure  5.12).  Hendee et al. (1998) reported impact 

force to increase a mean of 448 % as the impact velocity increased from 13.4 

ms-1 to 40.2 ms-1.  As velocity increased, peak force occurred earlier in the 

impact period, decreasing from 51 % of this period to 45 % for Model B, and 51 

% to 42 % in Model C.  The stiffer baseball (Model B) imparted greater impulse, 

an important variable related to momentum transfer and BEV, at all velocities.  
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Table 5.5 
Material coefficients for Extreme-Mooney and linear viscoelastic material 

models representing baseball behaviour during compression.  Results are 

shown for ball Model B and Model C. 

 

 

 Model B 
(Worst case) 

Model C 
(Best case) 

Density kg/m3 7.42 7.42 

Poisson's ratio (v) 0.499 0.499 

Instantaneous shear modulus (G0) Pa 4.34E+04 2.89E+04 

Infinity shear modulus  (G∞) Pa 3.81E+02 9.34E+01 

1/β  s 0.0007 0.0007 
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Table 5.6 

Results of ball impact analysis for baseball Model B and Model C  for impacts at five velocities ranging from 13.4 – 40.5 ms-1.   

  MODEL B (WORST CASE) MODEL C (BEST CASE) 
Velocity ms-1 13.4          

 

20.1 26.6 33.5 40.5 13.4 20.1 26.6 33.5 40.5

Impact duration s 1.35E-03 1.18E-03 1.11E-03 1.02E-03 9.90E-04 1.50E-03 1.34E-03 1.24E-03 1.17E-03 1.14E-03 

BEV (0.005 s post-impact) ms-1 8.5          13.3 18.0 23.0 28.1 7.9 12.4 16.8 21.0 25.6

COR  0.636          0.662 0.678 0.687 0.693 0.588 0.616 0.631 0.627 0.631

Peak force (x direction) kN 4.6          7.8 11.2 15.1 19.5 3.9 6.7 9.4 12.9 16.8

Time of peak force % impact 

duration 
51.1          48.3 47.9 45.1 45.4 51.3 47.8 44.5 43.7 42.9

Maximum compression m 0.0056          0.0081 0.0102 0.0126 0.0145 0.007 0.0099 0.0125 0.0151 0.0174

Maximum compression % ball 

diameter 
7.8          11.3 14.2 17.5 20.1 9.7 13.8 17.4 21.0 24.2

Maximum lateral deformation m 0.0012          0.002 0.0029 0.004 0.0052 0.0006 0.0027 0.0038 0.0054 0.007

Compression at peak force m 0.0055          0.0074 0.0093 0.0108 0.013 0.0069 0.0089 0.0105 0.0118 0.0138

Time of max compression % impact 

duration 
51.1          50.8 52.3 54.8 55.7 51.3 52.2 54.8 56.4 56.1

Force at max compression kN 4.5          7.7 10.6 13.9 16.6 3.8 5.0 6.4 10.7 12.8

Time of max lateral deformation % impact 

duration 
51.1          53.4 53.2 47.1 46.7 56.7 55.2 49.2 47.9 46.5

Impulse of impact N.s 3.2          4.8 6.4 8.2 9.9 3.1 4.7 6.2 7.9 9.6
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Figure 5.9 

Mesh convergence study for baseball compression analysis. 
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Figure 5.10 
COR for Model B and C across five velocities (13.4 – 40.2 ms-1).  The data of 

Hendee et al. (1998) for the stiffest baseball of 19 models tested, is included for 

comparison. 
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Figure 5.11 
Results of COR mesh convergence test. 
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Figure 5.12 

Reaction force for each test velocity for Model B (a) and Model C (b).  

Increasing test velocity is associated with decreased impact time and higher 

peak force for both models.   
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Figure 5.13 

The pattern of deformation of each baseball during the impact and immediate 

post-impact period.  Deformation was measured from the displacement of two 

nodes at opposing poles on the lateral surface of the baseball. 
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Figure 5.14 

Peak compression for Model B and Model C tested at five velocities.  

Compression was calculated from the x-displacements of nodes on the leading 

and trailing surfaces of the ball.  Deformation increased as test velocity 

increased for both baseballs.  Model B is clearly stiffer than Model C, 

demonstrating less deformation at each velocity. 
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Hendee et al. (1998) indicated impulse was not well correlated to baseball 

stiffness, but in the current analysis, the stiffer baseball imparted greater 

impulse at all velocities than the Model C ball (although they had identical 

mass) (Table  5.6).  These conflicting results may be a consequence of different 

definitions of ball stiffness, with that of Hendee et al. (1998) being derived from 

the assumption of linear elasticity in small-strain compression tests.   

 

An example of the deformation pattern experienced by the ball is given in Figure 

 5.13.  The ball deformed up to 24.2 % of its original diameter in Model C at 40.2 

ms-1, and 20.1 % for Model B  (Table  5.6).  Model B demonstrated lower peak 

compression at all velocities, although the difference decreased with increasing 

test velocity: Model B showed 20.0 % less compression at 13.4 ms-1 compared 

to 16.7 % at 40.2 ms-1 (Figure  5.14).  Peak compression did not occur at the 

mid-point of the impact duration period in either ball model, and occurred later 

with increasing velocity for both balls.  Peak compression occurred earlier in the 

impact period for the stiffer ball, particularly for the medium test velocities, in 

which peak compression occurred 2.5 % earlier for Model B (52.3 % of impact 

duration compared to 54.8 %).  This effect was less evident at the slowest and 

fastest pre-impact velocities (0.2 % and 0.5 % difference respectively). 

 

 

5.4 DISCUSSION 
 
A constitutive model was developed to describe baseball response during 

compression.  While the Extreme-Mooney model was most suitable for 

description of the hyperelastic behaviour of the ball during compression to 50 % 

of ball diameter, this model was not available in ANSYS/LSDYNA 6.1 explicit 

software.  A linear viscoelastic model was therefore adopted to account for the 

time-dependence of the ball materials and the geometric nonlinearity of the 

large deformations.  The model provides a numerical framework for further 

investigation of ball performance during high-speed impact. 

 

The results of the current analysis (Table  5.6) indicate similar values for COR 

as pre-impact velocity increased (range of 0.057 for Model B and 0.043 for 
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Model C).  Hendee et al. (1998) reported a reduction in COR with increasing 

impact velocity, although this relationship varied across the 19 models tested 

and was very slight for stiff baseballs.  While the lack of such a trend in the 

current study was unexpected, and the results are specific to the two models of 

baseballs tested Hendee et al. (1998) gave no indication of the standard 

deviation of COR measurements for the stiffest baseball.  It should also be 

noted that Hendee et al. (1998) used linear least squares regression to predict 

values for COR across five velocities.  Therefore the slight downward trend for 

the very stiff ball may have been a statistical aberration and it is reasonable to 

conclude the COR results for baseballs in this study are comparable to the 

stiffest ball tested experimentally.   

 
The COR for pre-impact velocities from 13.4 ms-1 to 40.2 ms-1 ranged between 

0.588 to 0.693.  The range of values in the literature is large, possibly a result of 

the variety of methods used to derive material constants.  Smith et al. (2000) 

reported a value of 0.450 at 20 ms-1.  A range of 0.44 – 0.56 (Heald & Pass, 

1994) up to 0.710  (Mustone & Sherwood, 1998) have been reported at the 

NCAA test velocity of 26.6 ms-1. Mustone and Sherwood (1998) accounted for 

the time-dependence of the ball response in LSDYNA through addition of global 

mass damping as a unit step function.  However, this method provided no 

indication of the time-dependent properties of the baseball materials, as it 

assigned a single damping constant to the entire problem.  In our research, the 

G0, G∞ and 1/β terms of the linear viscoelastic model accounted for the decay 

properties of the material.  Shenoy et al. (2001) also adopted this material 

model but did not specify details of the compression experiments undertaken to 

quantify the quasi-static response of the ball.   The value reported for G0, 41 

MPa, compares favourably to the Model B value of 43.4 MPa.  However, the 

decay constant 1/β was assigned a value of 9.1e-5 by Shenoy et al. (2001), 

which is not in keeping with the expected period of contact during high speed 

impact (approximately 0.001 s).  This may account for the disparity in COR 

values between their research (values of 0.450 at 20 ms-1 to 0.600 at 50 ms-1) 

and the current work.  In order to approximate ball rate-dependent behaviour, it 

was important to choose a value for 1/β as close as possible to the duration of 
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ball deformation observed in experimental tests of ball dynamic response.  The 

best fit to the load-displacement data and COR values were obtained using a 

1/β value close to 1 ms (0.0007 s).     

 

The current study provides information for baseball designers about dynamic 

ball response and the effect of material properties of the baseball on COR.  A 

significant outcome from our experiments was the material model associated 

with the less-stiff baseball (model C).  This model had exhibited a markedly 

flatter force-displacement response and shear modulus approximately 33 % 

less than Model B, resulting in greater peak compression, lower peak force and 

longer impact duration.  This information is important with regard to the growing 

interest in the performance of modified baseballs, which have been developed 

to reduce the severity of impact in the event of a player being struck by the ball - 

yet their performance characteristics remain relatively unknown.  These balls 

are usually referred to as simply having “softer cores”.  While such balls have 

experimentally shown decreased impact force and increased impact duration 

compared to traditional balls (Chauvin & Carlson, 1997; Heald & Pass, 1994; 

Hendee et al., 1998), mathematical description of the mechanical changes to 

the ball materials has not been reported in the literature until now.  The present 

model gives a precise description of how a reduced load-displacement 

response is represented by reduction of 33 % in G0, in addition to the reduced 

COR which is a direct measure of ball performance.   
 
While further investigation of the Extreme Mooney hyperelastic characterisation 

may be valuable, this linear viscoelastic model is suitable for immediate 

implementation in numerical analysis of bat-ball impact.  This will allow further 

investigation of the performance characteristics of baseballs and the effect of 

changes to material parameters on COR and BEV. 

 

5.5 SUMMARY 
 

Regulating ball response to impact is one method to control BEV in baseball.  

This is necessary to reduce injuries to defensive players and maintain the 
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balance between offense and defense in the game.  In this chapter, a 

constitutive model for baseball time-dependent behaviour is presented.  Force-

displacement data were obtained using quasi-static compression tests to 50 % 

of ball diameter (n = 70 baseballs).  The nonlinear force-displacement curves for 

a very stiff baseball (Model B) and a ‘softer’ type (Model C) were characterised 

by a Mooney-Rivlin model using implicit finite element analysis (ANSYS 

software, version 6.1).  Agreement between experimental and numerical results 

was excellent for both Model B  (C10 = 0, C01 = 3.7e6 Pa) and Model C  (C10 = 0, 

C01 = 2.6 e6 Pa).  However this material model could not be implemented in 

ANSYS/LSDYNA explicit dynamic software (version 6.1) to quantify the 

transient behaviour of the ball.  Therefore a linear viscoelastic model was 

adopted.    G∞, the long-term shear modulus of the material, was determined by 

the same implicit FEA procedure.  Explicit FEA was used to quantify the time-

dependent response of each ball in terms of instantaneous shear modulus (G0) 

and a decay term (1/β).  The results were evaluated with respect to published 

experimental data for the ball coefficient of restitution at five velocities (13.4 – 

40.2 ms-1).  The results were comparable to the experimental values and form 

the basis for future investigation of baseball response to impact with the bat. 
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Figure  5.1  
The effect of ball orientation on force-displacement relationships was quantified 

using two orientations: one in which force was applied on the ball cover (at the 

widest point in the xy, xz and yz planes) (a), and the other in which the ball was 

orientated on its seams (b). 

Figure  5.2  
Model of a one-eighth section of a baseball, showing FE mesh and eight-node 

hexahedral element with coordinate axes.  The steel platen is meshed with 

ANSYS contact elements.  Area 1, from which reaction forces are computed to 

determine the response of the ball to compression, is illustrated.  The ball 

section was meshed with ANSYS SOLID185 elements, defined by eight nodes 

having three translational degrees of freedom at each node (in the nodal x, y, 

and z directions). The element has plasticity, hyperelasticity, stress stiffening, 

creep, large deflection, and large strain capabilities.  SOLID185 uses selective 

reduced integration to help prevent volumetric mesh locking in nearly-

incompressible cases, by replacing volumetric strain at the Gauss integration 

point with the average volumetric strain of the elements (ANSYS Theoretical 

Manual, 1999).

 

Figure  5.3 
Deformed geometry of baseball during compression to 50 % of original 

diameter.  Internal surfaces of the ball were constrained for zero motion to 

permit appropriate lateral expansion of the external surface.  The symmetry 

constraints imposed were: 

Area 1: y = 0 

Area 2: x = 0 

Area 3: z = 0 

The upper platen was constrained for motion in the vertical (y) direction only 

(i.e. x = 0, z = 0). 

92 



 

 

Figure  5.4 

Contour plots of the components of Cauchy stress. 

Figure  5.5  

Geometry for explicit analysis of baseball transient behaviour.   

ai) Replication of baseball impact test setup in ANSYS/LSDYNA.  The baseball 

was modelled as a solid homogeneous sphere, impacted against a single rigid 

vertical element.  The ball is meshed with LSDYNA SOLID164 explicit 

elements.  SOLID164 is an eight-node hexahedral element particularly robust 

for large deformations through its reduced (one-point) integration and viscous 

hourglass control.  This element has translational degrees of freedom in the x, y 

and z nodal directions.  The initial mesh density is illustrated here.  The coarser 

and finer meshes employed in this study are shown in (i) and (ii).   

aii) Coarser mesh employed for solution convergence study in explicit analysis. 

 

aiii) Finer mesh employed for solution convergence study in explicit analysis. 

b) Deformed geometry at the instant of maximum compression for Model B. 

Figure  5.6  
Experimental force-displacement data for seven baseball models.  Solid lines 

illustrate data from cover orientations, and data obtained from testing in seam 

orientation is shown as dashed lines.  The mean curve from four randomly 

selected baseballs in each model is shown.    

 

Figure  5.7  

Force-displacement data for the extremes of baseball behaviour.  Data from 

Model B is given as a solid line, that from Model C as a dashed line.  Error bars 

are shown to indicate intra-model variation. 

 

Figure  5.8  
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The fit of Extreme-Mooney and linear viscoelastic models to experimental force-

displacement curves (a) Model B (b) Model C. 

Figure  5.9 

Mesh convergence study for baseball compression analysis. 

Figure  5.10  

COR for Model B and C across five velocities (13.4 – 40.2 ms-1).  The data of 

Hendee et al. (1998) for the stiffest baseball of 19 models tested, is included for 

comparison. 

Figure  5.11 

Results of COR mesh convergence test (BEV chart). 

 

Figure  5.12 

Reaction force for each test velocity for Model B (Figure.a) and Model C 

(Figure.b).  Increasing test velocity is associated with decreased impact time 

and higher peak force for both models.   

Figure  5.13  

The pattern of deformation of each baseball during the impact and immediate 

post-impact period.  Deformation was measured from the displacement of two 

nodes at opposing poles on the lateral surface of the baseball. 

Figure  5.14 

Peak compression for Model B and Model C tested at five velocities.  

Compression was calculated from the x-displacements of nodes on the leading 

and trailing surfaces of the ball.  Deformation increased as test velocity 

increased for both baseballs.  Model B is clearly stiffer than Model C, 

demonstrating less deformation at each velocity. 
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Table  5.1 

Physical characteristics of baseballs used in compression testing (n = 70).   
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models representing baseball behaviour during compression.  Results are 

shown for ball Model B and Model C. 

Table  5.6 

Results of ball impact analysis for baseball Model B and Model C.  Results are 

given for impacts at five velocities ranging from 13.4 – 40.5 ms-1.   
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6 CHAPTER 6 
 

FINITE ELEMENT ANALYSIS OF BAT-BALL IMPACT IN BASEBALL 
 

 

6.1 INTRODUCTION 
 
The purpose of this thesis was to investigate the contribution of bat design and 

ball material properties to the dynamics of the bat-ball impact.  The main 

measure of bat performance was BEV, which is an important variable in both 

the frequency and severity of ball-impact injuries.  ANSYS/LSDYNA FEA 

software was used to quantify the collision dynamics.  Three-dimensional 

models of wood and metal baseball bats of identical length and mass but 

different moment of inertia were developed from physical measurements.  

Previous research using FEA for bat performance has employed constrained 

bat models subject to planar rotational motion (Mustone & Sherwood, 1998; 

Shenoy, Smith & Axtell, 2001; Smith, 2001; Smith, Shenoy & Axtell, 2000).  In 

this study, bat position in 3-D space, and linear and angular velocities at the 

instant of impact, for each bat were input using kinematic data from high-

performance batters (Chapter 4).  The linear viscoelastic baseball model 

developed in Chapter 5 was used to account for the time-dependent response 

of the ball to impact.  Reduction in the shear and relaxation properties of the 

baseball was investigated as a potential control mechanism for BEV.  Risk 

analysis for impact injury was conducted in accordance with the pitcher reaction 

time data of Cassidy and Burton (1989).   

 

 

6.2 BASEBALL BAT MODELS 
 
6.2.1 Geometry  
 
The non-uniform shape of many sporting implements has meant considerable 

simplification of geometry in previous numerical analysis of equipment 

performance, for example, the use of uniform beam models (Cross, 1999).  But 

geometric accuracy and correct inertial properties are essential if the model is to 
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be used in a predictive capacity (Hocknell, Mitchell, Jones & Rothberg, 1998; 

Smith, 2001).  To obtain accurate measurements of bat dimensions, the metal 

and wood bats used in Chapter 4 were sectioned at 10 mm intervals.  Calliper 

measurements made of their internal and external geometry are reported in 

Appendix 3.   
 

The geometry of each bat model was developed using ANSYS/LSDYNA 

software, version 6.1 (LSTC, Livermore, CA.).  Data from the physical 

measurements were input as Cartesian (x, y, z) coordinates.  Spline functions 

through the keypoint set were revolved about the global x-axis to generate the 

3-D shape (Figure  6.1).  The wood bat was modelled as a homogeneous solid.  

The metal bat was a hollow tube with walls of varying thickness along its length 

(3.3 - 6.1 mm).  Areas where there may have been irregular thickening (eg the 

knob-handle interface) were not modelled and may have been a minor source 

of inaccuracy.  The inertial properties calculated by the software are given in 

Table  6.1. 

 

6.2.2 Elements and mesh 
 

The wood bat was meshed with 10030 eight-noded (SOLID164) hexahedral 

elements (Figure  6.2, Table  6.2).  The use of the spline function to generate the 

basic bat shape allowed smooth tapering of elements along the bat length to 

avoid discontinuities resulting from stepped cross-sectional properties.  

Hexahedral (brick) elements were preferred for meshing solid bodies in 

previous baseball impact studies (Mustone & Sherwood, 1998; Shenoy et al., 

2001).  The use of tetrahedral elements is precluded as these elements cause 

meshing and hourglassing problems in the contact region, and the three-point 

Gauss integration used with triangular elements is less accurate than that of 

hexahedra (ANSYS/LS-DYNA 6.1 Theoretical Manual, 2002).  Mustone and 

Sherwood (1998) used four-noded SHELL163 elements to mesh a hollow metal 

bat, with a uniform element thickness of 0.25 cm along the bat length.  In this 

study, the metal bat was meshed with 11693 SOLID164 elements to 

accommodate changes in wall thickness along the bat length.  Mesh 

convergence tests using 50 % coarser and 50 % finer meshes indicated no 

substantial effect on BEV. 

93 



Figure 6.1 

a) Keypoints for metal bat geometry were obtained from caliper measurements 

of bat diameter and wall thickness at 10 mm intervals along the bat length.  

These physical measurements were input into ANSYS/LSDYNA as Cartesian 

coordinates. 
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Figure 6.1 

b) Wood bat geometry was obtained from caliper measurements of bat diameter 

at 165 intervals along the bat length. 
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Figure 6.1 

c) Bat volumes were generated by rotating the area bounded by the spline and 

the global x-axis, about that axis. 
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Table 6.1 

Physical characteristics of baseball bats used to develop 3-D models in this 

study.  Included are LSDYNA’s estimates of bat mass and inertial properties 

from the 3-D models. 

 

 WOOD BAT METAL BAT 
 Experimental LSDYNA Experimental LSDYNA
Mass kg, oz 0.840 (29.6) 0.872 0.805 (28.4)  
Length m, in 0.835 (32.8) 0.835 0.834 (32.9)  
Density kg/m3 600 600 2400 2400 
Young’s modulus Pa 1.22E+10 1.22E+10 7.00E+10 7.00E+10
Poisson’s ratio  0.371 0.371 0.300 0.300 
Centre of mass (CM) m, % length 0.529 (63) 0.526 0.479 (57) 0.479 
Diameter at widest point (barrel) m 0.064 0.064 0.070 0.070 
Wall thickness mm     
Handle n/a  34  
Throat n/a  22  
Barrel n/a  33  
Moments of inertia about bat knob     
Ixx  kg.m2  0.356  0.336 
Iyy (swing moment) kg.m2 0.329 0.309 0.269 0.254 
Izz (polar moment) kg.m2 0.032 0.114 0.057 8.83E-02
Ixy  kg.m2  -5.05E-02  -1.35E+00
Iyz  kg.m2  0.145  0.128 
Izx  kg.m2  9.32E-02  2.32E-02
Moments of inertia about CM     
Ixx  kg.m2  4.33E-02  6.83E-02
Iyy kg.m2  3.76E-02  5.18E-02
Izz kg.m2  1.40E-02  1.82E-02
Ixy  kg.m2  -4.89E-03  -1.21E-03
Iyz  kg.m2  1.42E-02  1.14E-02
Izx  kg.m2  9.05E-03  2.02E-03
Principal moments of inertia     
Ixx  kg.m2  4.62E-02  6.84E-02
Iyy kg.m2  4.41E-02  5.53E-02
Izz kg.m2  4.59E-03  1.46E-02
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Table 6.2 

Element type and number of degrees of freedom, nodes and elements for bat 

and ball models in this study.  Also given are details of ball mesh used in the 

mesh convergence study used to determine the adequacy of mesh density for 

measurement of BEV. 

 

 

 ELEMENT TYPE ELEMENTS NODES DOF 
Wood bat SOLID164 10030 67510 67510 
Metal bat SOLID164 11693 70234 70234 
Ball (initial mesh SOLID164 2001 12259 12255 
Ball (coarser mesh) SOLID164 433 2844 2840 
Ball (finer mesh) SOLID164 6964 48745 48741 
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Figure 6.2 

a) Wood baseball bat meshed with SOLID164 hexahedral elements. 

b) Metal baseball bat meshed with SOLID164 hexahedral elements. 
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6.2.3 Material properties 
 
The material properties of both bats were obtained from published values for 

wood (Bragov & Lomunov, 1997; Forest Products Laboratory Wood Handbook, 

1999) and aluminium (Ashby, 1999).  Modern thin-walled metal bats are 

constructed from alloys of aluminium, magnesium, zinc, titanium, and scandium.  

Table  6.3 shows the mechanical properties of some metals used in bat 

manufacture.  Aluminium alloys remain the most common, and these properties 

were assigned to the metal bat model.  The material characteristics of northern 

white ash wood (Fraxnius Americanus) are shown in Table  6.4.  Wood is 

recognised as an anisotropic material (Bragov & Lomunov, 1997; Forest 

Products Laboratory Wood Handbook, 1999).  Smith et al. (2000) used an 

orthotropic material model to account for directional properties in wooden 

baseball bats in a durability analysis.  However, in our study, a major 

assumption was that of rigidity of bat behaviour, based on the very short bat-ball 

contact time.  Although Mustone and Sherwood (1998) indicated the hoop-

deformation modes and flexion of the metal bat at impact contribute to the bat 

strain energy, the aim of this study was to provide a “worst-case” scenario for 

the maximum risk of the player being struck, and it was felt this was achievable 

using the assumption of rigidity for both bats.  Hence the material properties 

were only of interest to ensure the inertial properties of each bat model reflected 

those of real bats.  Consequently, despite the inhomogeneous and anisotropic 

nature of the bat materials, a simple linear elastic isotropic material model was 

considered adequate for both bats.  Using rigid bodies to define stiff parts in 

FEA greatly reduces the computation time for an explicit analysis (Friswell, 

Smart & Mottershead, 1997).  However in LSDYNA, all of the degrees of 

freedom of the nodes are coupled to the rigid body's centre of mass 

(ANSYS/LS-DYNA 6.1 Theoretical Manual, 2002).  This did not permit velocities 

to be assigned to the nodes at each end of the implement, as was required in 

this analysis.  Consequently, the linear elastic isotropic model was used to allow 

such loads to be assigned.  The Young’s modulus of each bat was reduced by a 

factor of five to investigate the dependence of BEV on bat material properties.  

The effect on BEV is shown in Figure  6.3.  Minimal change in BEV was noted 

for both wood and metal bats, 
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Table 6.3 

Material characteristics of metals commonly used in bat manufacture.  

Aluminium was selected as the material for the metal bat model in this study. 

 

 

  Selected 
alloy 

Other materials used in bat manufacture 

 Unit Aluminium Carbon Titanium Magnesium Scandium Zinc 
Density kg/m3 2700 2267 4507 1738 2985 7140 
Young's 
modulus 

GPa 70 207 116 45 74 108 

Bulk modulus GPa 76 33 110 45 57 70 
Poisson’s ratio n/a 0.35 0.30 0.32 0.29 0.28 0.25 
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Table 6.4 

Material characteristics of northern white ash wood (Fraxnius Americanus) used 

in baseball bat manufacture. 

 

 

Fraxnius Americanus 
Unit Value 

Density kg/m3 690 
Young's modulus GPa 17.7 
    - axial direction GPa 12.4 
    - radial direction GPa 1.17 
    - transverse direction GPa 1.31 
Poisson's ratio  
    - axial direction 0.371 
    - radial direction 0.684 
    - transverse direction 0.440 
Specific gravity  0.613 
Bending strength GPa 0.108 
Stiffness GPa 12.8 
Compression strength parallel to 
grain 

GPa 0.0486 

Static bending strength GPa 0.1036 
Shear strength GPa 0.0193 
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Figure 6.3 
The Young’s modulus of each bat was reduced by a factor of five to investigate 

the dependence of BEV on bat materials.  BEV for metal (a) and wood (b) bat 

impacts indicates little effect. 
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indicating BEV was more related to pre-impact bat motion than vibrational or 

flexural properties for impacts at this location (see Section  6.4.2). 

 

6.2.4 Orientation in 3-D space 
 
The 3-D orientation of the wood and metal bat with respect to vertical and 

horizontal planes at the instant of impact was determined in Chapter 4.  In 

LSDYNA, the orientation of each bat model was accomplished by sequential 

rotations of the global working plane from the default Cartesian X-Y orientation 

(Figure  6.4).  Bat coordinates were then entered on the rotated working plane.  

Figure  6.5 and Table  6.5 show the work plane rotations used to orientate each 

bat. 

 

 

6.3 BASEBALL MODEL 
 
6.3.1 Geometry, elements and mesh 
 

The baseball was represented as a homogeneous solid sphere of radius 36 

mm.  The sphere was map-meshed with 2000 SOLID164 hexahedral elements 

(Table  6.2).  The adequacy of the mesh was assessed through repeating the 

analysis using a much finer mesh, and a much coarser mesh.   

 

6.3.2 Material properties 
 

The linear viscoelastic model developed in Chapter 5 was employed in this 

analysis.  To determine the effect of shear and relaxation properties on BEV, 

ball model B was deemed indicative of the “worst-case scenario” with reference 

to BEV.  A separate material model was developed for ball model C, which 

showed the flattest force-displacement response, to quantify the effect of 

reduction in ball shear and elastic modulii on BEV.  
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Figure 6.4 

Baseball bat model showing the default orientation of the global working plane 

in ANSYS/LSDYNA – i.e. aligned with the global X-Y plane.  
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Table 6.5 

Experimental values for 3-D bat orientation angles, where horizontal orientation 

is the relative alignment of the bat to the global z-axis, and vertical orientation is 

expressed relative to the global y-axis.  The LSDYNA working plane was 

rotated from its default x-y alignment to reflect the position of each bat, prior to 

entry of bat x, y, z coordinates in the modelling process. 

 

 

WOOD BAT METAL BAT 
Experimental values   
Horizontal orientation  deg 341.5 354.3 
Vertical orientation deg 117.8 120.3 
Workplane rotations  
From default position deg -90 (Y)  -90 (Y)  
Horizontal orientation  deg -19 (Y) -6 (Y) 
Vertical orientation deg -27 (Z) -30 (Z) 
LSDYNA principal orientation 
vectors 

 

X -0.256 -0.043 
Y -0.414 -0.293 
Z 0.874 0.955 
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Figure 6.5 

The global working plane was rotated prior to entry of keypoint coordinates for 

each bat, in order to replicate the orientation in 3-D space of each bat at the 

instant prior to impact.  For the metal bat, the WP was rotated 90 deg about the 

y-axis (a), a further 6 deg about the y-axis (b), and 30 deg about the z-axis (c).  

The final position of the metal bat is illustrated in (d).  To orientate the wood bat, 

rotations of 90 and 19 deg (e, f) about the y-axis, and 27 deg about the z-axis 

(g), were undertaken before the model was developed (h). 

a) 

b) 
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c) 

d) 
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e) 

f) 
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g) 

h) 
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6.4 EXPLICIT FINITE ELEMENT ANALYSIS OF BAT-BALL IMPACT 
 

This section outlines the analysis protocols used for bat-ball impact analysis, 

including contact definition, boundary conditions, loading protocols and methods 

used to obtain the explicit solution. 

 

6.4.1 Contact  
 
Due to complicated deformations that typically occur during an explicit dynamic 

analysis, contact between bat and ball was defined using the LSDYNA Surface-

to-Surface contact algorithm.  This algorithm, as detailed in the 

ANSYS/LSDYNA Theoretical Manual (2002), is used for contact between 

arbitrarily-shaped bodies with irregular contact areas which experience large 

amounts of relative sliding with friction.  The nodes comprising the bat and ball 

were designated as contact and target components respectively.  A distance of 

0.004 m initially separated the components because initial penetration is not 

permitted in an LSDYNA explicit analysis.  The friction coefficient (µc) was 

determined by LSDYNA from the relative velocity (Vrel) of the contacting 

surfaces: 

 

Equation 10 
relvDC

c eFDFSFD .)( −−+=µ  

 

The default values of 0.1 for dynamic friction (FD), 0.2 for static friction (FD) and 

0.1 for the decay coefficient (DC) were assigned.  Therefore µc was assigned a 

value of 0.2 for both wood and metal bat impacts.   

 

6.4.2 Impact location 
 

To determine maximum BEV, the analysis was restricted to impact in which the 

incident trajectory of the ball is perpendicular to the point of greatest momentum 

transfer on the bat.  This is popularly believed to be the centre of percussion 

(COP) of the bat.  The COP of each bat was experimentally located by 
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suspending each bat about a pivot located 10 cm from the knob and measuring 

the period (T) for 10 oscillations.  The COP location was determined from:  

 

Equation 11 

2

2

4π
=

gTCOP  

 
where g = 9.8 ms-2.  The COP was located 630 mm distal to the bat knob for the 

wood bat and 610 mm along the bat length for the metal bat.  Brody (1996) and 

Shenoy et al. (2001) showed numerically that the COP is not the optimal point 

for maximum BEV.  While the tip of the bat has the greatest linear velocity 

during the swing as it is furthest from the axis of rotation, an antinode or point of 

maximum vibration exists here, and impact at the bat tip results in significant 

losses to bat deformation (Noble, 1998).  Maximum BEV has been shown to 

occur in a region in the barrel close to the nodes of the lowest frequency 

bending vibrations (Noble & Eck, 1985).  Mustone and Sherwood (1998) 

indicated this region was approximately 690 mm from the bat knob in a clamped 

34-inch bat subject to planar horizontal motion.  Smith (2001) showed maximum 

BEV at approximately 570 mm from the bat knob for a bat clamped at the 

handle.  In this analysis, five impact locations were trialled for each bat: 570, 

610, 630, 650, and 670 mm distal to the bat knob.  Maximum BEV for the wood 

bat was obtained for impact 650 mm from the knob, and at 670 mm for the 

metal bat. 

 

6.4.3 Boundary conditions 
 

The type of boundary condition imposed at the grip of hitting implements affects 

measured strains, acceleration histories and mode shapes of the implement, 

and BEV (Friswell, et al., 1997; Iwata, Okuto & Satch, 1990; Jenkins & Calder, 

1990; Penrose & Hose, 1999; Weyrich et al., 1989; Wicks, Knight, Braunwart & 

Neighbors, 1999).  Boundary conditions commonly invoked at the grip or 

proximal end of the implement are fixed, hand held, and free (unconstrained).  

The use of a fixed boundary at the grip can greatly reduce uncertainty in the 

analysis.  Smith (2001), Smith et al. (2000) and Mustone and Sherwood (1998) 
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used fixed models to replicate the setup of the robotic hitting machine used to 

certify bat performance in the United States.  However Weyrich et al. (1989) 

experimentally showed significantly greater BEV when aluminium baseball bats 

were tested in clamped conditions than in free conditions.  The typical bat-ball 

impact duration of 1 ms has been shown to be much shorter than the time taken 

for the vibration to propagate to hand and back (Noble, 1998).  If the vibrational 

waves arrive back at the point of impact after the ball has departed, the ball 

cannot be affected by how the handle is secured.  Therefore in this analysis, 

bats were not subject to any boundary constraints.   
 
6.4.4 Initial conditions 
 

The initial conditions applied to each bat were obtained from analysis of the 

kinematics of wood and metal bats (Chapter 4).  In an ANSYS/LS-DYNA explicit 

analysis, all loads are applied in one load step.  Loads were specified over time 

using array parameters and component names.  Each array contained time-

varying data (one parameter for time values and one for the corresponding load 

values).  Values for intermediate time points were obtained by linear 

interpolation.  Nodal components were created for the proximal (KNOB) and 

distal (TIP) ends of each bat.  Array parameters were written for the linear 

velocities (VX, VY, and VZ) of each component.  Angular velocities, OMGX and 

OMGY, were applied about an axis 10 cm distal to the bat knob.  The initial 

conditions applied to each bat are listed in Table  6.6.  A time-varying load was 

not applied to the ball.  It was assigned an initial horizontal velocity (vx) of –40.2 

ms-1 (90 mph), to represent pitch speeds in professional baseball. 

 

A total of four analyses were conducted.  The wood and metal bats were each 

impacted with the Model B baseball and Model C baseball. 

 
6.4.5 Solution controls 
 

Termination time was set to 0.01 s to allow for pre-impact bat and ball motion, 

the bat-ball impact period (approximately 1 ms), and sufficient time to capture 

the post-impact oscillations of the ball.  In an explicit analysis, the spatial step 

must be sufficiently small to capture the dominant frequencies of the impact 
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Table 6.6 
Linear and angular velocity loads applied to each bat were obtained using high-

speed videography from seventeen elite baseball batters (see Chapter 4).  

Linear velocity loads were entered as time-varying array parameters applied to 

nodal components for each end of the bat.  Angular velocities were applied 

about an axis 10 cm distal to the bat knob. 

 

 

  WOOD BAT METAL BAT 
  x y z x y z 
TIP linear velocity  ms-1 35.2 -1.6 3.9 37.2 -0.7 4.8 
HANDLE linear velocity ms-1 3.9 1.1 -0.2 5.4 1.2 1.0 
Angular velocity   rads-1 4.6 40.9  6.5 40.4  
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Figure 6.6 

Four nodal locations in the baseball were trialled for stability of BEV 

measurement 0.005 s post-impact.  Measurement at surface nodes on the 

trailing and lateral edges of the ball, and a node midway between the ball centre 

and surface, were affected by the oscillations and large deformation 

experienced by the ball.  The node at the geometric centre of the ball provided 

the most consistent results. 
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(Malone, 1990), and the proper contact zone (ANSYS/LS-DYNA 6.1 Theoretical 

Manual, 2002).  The solution time step was automatically determined by 

LSDYNA from the relative difference in contact surface stiffness between bat 

and ball. 

 

6.4.6 Post-processing 
 

Results were reviewed using both POST1 (the ANSYS/LSDYNA general 

postprocessor), and POST26, the time-history processor.  POST1 was used to 

review results over the entire model at specific time-points.  POST26 was used 

to track specific nodal and element result items over a more detailed load 

history.  The following dependent variables were quantified in the analysis 

(definitions of each variable were provided in Chapter 5): 

 

BEV: no definition of the instant at which BEV should be quantified has been 

made in the previous literature.  In this study, BEV was measured 0.005 s 

post-impact for a node at the geometric centre of the ball.  Figure  6.6 

illustrates the effect of measurement location on BEV results; 

οο  

οο  

οο  

οο  

οο  

οο  

οο  

Reaction force; 

Impact duration; 

Bat-ball COR; 

Ball compression and lateral deformation; 

Energy absorbed by ball; 

Impulse of impact. 

 

 

6.5 BASEBALL AERODYNAMICS AND RISK ANALYSIS 
 

6.5.1 Aerodynamic analysis of batted-ball flight 
 

Much interest has been devoted to the aerodynamics of baseballs in the context 

of pitching (Adair, 1997; Mehta, 1985; Watts & Sawyer, 1975).  Adair (1997) 

and Frohlich (1984) have also studied the effect of environmental variables 

such as altitude and air density on the trajectory of batted balls.  However the 
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effect of the flight characteristics of the baseball on the time available for a 

pitcher to avoid a batted ball, has not been directly quantified.  In this section, 

two-dimensional aerodynamics is used to calculate the time taken by the ball to 

reach the pitcher located 16.46 m from the impact point.   
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Figure 6.7 

A baseball in flight is subject to a number of forces that affect the velocity with 

which the ball travels.  Air exerts a friction force that causes the spinning 

baseball, with its raised seams, to drag air near its surface around with it.  The 

asymmetry of the seams creates pressure imbalances that are inherent in the 

development of drag (Dx) and lift (Lx) forces.  
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Figure  6.7 illustrates the forces to which a baseball is subject as it travels 

through a viscous resisting medium (in this case, air).  The well-known 

differential equations for the ball trajectory can be written according to Newton’s 

Second Law as: 

 

Equation 12 

θ−θ−=−−=⎟
⎠

⎞
⎜
⎝

⎛=∑ cossin DLDL
dt

dvmF xx
x

x  

 

and  

 

Equation 13 

θ−θ+−=−+−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=∑ sincos DLmgDLmg

dt
dv

mF yy
y

y  

 

m represents the ball mass (kg) and g = 9.8 ms-2.   

 

Lx and Dx are mutually perpendicular lift and drag forces respectively: 

 

Equation 14 

AvCL L
2

2
1

ρ=  

Equation 15 

AvCD D
2

2
1

ρ=  

 

The collision was assumed to take place at sea level and ambient temperature, 

hence ρ (air density) was specified as 1.29 kg.m3.  A is the cross-sectional area 

of the ball.  The assumption of horizontal post-impact trajectory implies v2 ~ vx
2.  
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CD and CL are dimensionless drag and lift coefficients.  The values of CD and CL 

for a spinning sphere in uniform flow vary according to the relation: 

 

Equation 16 

v
u

 

 

which is the ratio of surface speed (u) to approach flow velocity (v) (Gerhart, 

Gross & Hochstein, 1992).  At t =0, this ratio is expressed as:

 

Equation 17 

v
Rω

 

 

where R = ball radius (0.036 m).  Ball angular velocity (ω) in this case is 

selected as 40 rev.s-1, the typical velocity of a pitched fastball (Adair, 1997) as 

no experimental data for the spin rate of batted balls is available.  Equation 17 

yields a value of 0.147.  From tables established by Gerhart, Gross and 

Hochstein (1992), this value corresponds to CD ~ 0.35 and CL ~ 0.070.  While 

these tables were formulated from experimental data for smooth spheres, the 

data of Achenbach (1974) indicated for Reynolds numbers corresponding to the 

BEV values in this study (Adair (1997) proposes a value of approximately 2 x 

104), these values are appropriate for baseballs.  It is difficult to quantify the true 

CD of a baseball as the procedure is undertaken using wind tunnels, and the 

values obtained depend on the width of the tunnel, the type of turbulence 

damping used upstream, the type of support holding the ball, whether the ball is 

free to rotate, and ball orientation to the oncoming flow (Achenbach, 1974).

 
In this analysis, the ratio u/v was assumed to be constant, which in turn implies 

CD and CL are constant.  Frohlich (1984) showed numerically there is very little 

difference in the flight behaviour of a smooth baseball compared to a ball with a 

constant CD.  This is an important assumption as it allows both equations of 

motion to be integrated for vx and vy: 
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∫∫
ρ−
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Hence the horizontal component of post-impact velocity evaluates to: 

 

Equation 18 
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To obtain vy, Equation 18 is substituted into Error! Reference source not 
found.: 
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Hence, 

 

Equation 19 
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To obtain the y-coordinate of displacement, Equation 19 is substituted into  

yv
dt
dy

= , multiplied by dt and integrated: 

 

∫∫ ⎥
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where y = 0 at t = 0.  This gives: 

 

Equation 20 
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The assumption of flat trajectory was checked using the expression 

 

⎟
⎠

⎞
⎜
⎝

⎛θ −

x
y1tan~  

 

where x = 16.46 m.  The results are given in Table  6.8. 

 

To find time of flight (t), Equation 18 was substituted into xv
dt
dx

= , and 

integrated: 

∫∫ β+
=

t
x

x

t
dtvdx

0

0

0
1  

 

where x = 0 at t = 0.  Hence 
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Equation 21 

)ln( t
AC

mx
D

β+
ρ

= 12
 

 

From this expression, the time taken for the baseball to travel 16.46 m can be 

derived as: 

 

Equation 22 
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6.5.2 Risk analysis for impact injury to the pitcher 
 

The results of Equation 22 are used as the basis for risk analysis of the pitcher 

being struck by the batted ball.  Cassidy and Burton (1989) estimated a 

minimum of 400 ms is required for an adult pitcher to take evasive action 

against a ball hit directly at him, over a distance of approximately 16.50 m.  

While their results have not been subject to peer review, and do not account for 

variations in follow-through technique that may affect the available movement 

time, theirs is the only available data for reaction time of infielders in baseball.  

 

 

6.6 RESULTS 
 

 

Results of the analysis are given in Table  6.7.  The following abbreviations are 

used in description of results: 

Metal bat impact with worst-case ball (Model B): MB οο  

οο  

οο  

οο  

Metal bat impact with best-case ball (Model C): MC 

Wood bat impact with worst-case ball: WB 

Wood bat impact with best-case ball: WC 
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6.6.1 BEV 
 

The metal bat produced greater BEV (61.5 ms-1 for Model B ball, 55.4 ms-1 for 

Model C) than the wood bat (50.9 ms-1 and 46.0 ms-1 respectively), regardless 

of the type of ball used (Table  6.7, Figure  6.8).  The overall range of BEV was 

15.6 ms-1, with the highest BEV obtained from MB (61.5 ms-1) and the lowest 

from WC (46.0 ms-1).  For baseball Model B, BEV from the metal bat exceeded 

that from the wood bat by 10.6 ms-1.  A similar result was obtained for ball 

Model C between the two bats (9.5 ms-1).  The results for BEV from three mesh 

densities are shown in Figure  6.9.  Excellent convergence was obtained for the 

meshes used in the metal bat analysis.  Similarly, convergence between the 

solutions from the initial and finer mesh in the wood bat analysis indicates the 

adequacy of the initial mesh.  Metal bat BEV was dominated by the x-

component (toward the pitcher) (Figure  6.10).  However, for the wood bat, a 

greater proportion of BEV was in the lateral (z) direction.   

 

6.6.2 Impact duration 
 

Baseball type was related to impact duration.  For both MB and WB, impact 

duration was less than 1 ms, whereas for analysis using ball Model C, impact 

duration was 1 ms or greater (Figure  6.11). 

 

6.6.3 Reaction force 
 

When impacted with the Model B baseball, reaction force in both wood and 

metal bats exceeded that from Model C.  For MB and WB, peak reaction force 

also occurred later in the impact period (55.6 – 66.7 % respectively), compared 

with MC and WC, which occurred at 50 % or less of the cycle (Figure  6.12).   

Irrespective of ball type, reaction force for metal bat impacts was dominated by 

the x-component.  For wood bat impacts, a large component of the reaction 

force consisted of lateral (FZ) force (Figure  6.13, Figure  6.14).   
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Table 6.7 

Results of bat-ball impact analysis for wood and metal bats impacted with two 

types of baseballs. 

 

WOOD BAT METAL BAT 
Model B Model C Model B Model C 

BEV(res) (0.005 s post-impact) ms-1 50.9 46.0 61.5 55.4 
    BEV(x)  ms-1 42.0 35.1 59.1 52.8 
    BEV(y) ms-1 10.4 12.2 8.8 9.6 
    BEV(z) ms-1 26.8 27.1 14.7 13.8 
Impact duration s 0.0009 0.001 0.0009 0.0011 
Peak reaction force (resultant) kN 23.49 21.83 26.98 22.53 
    Time of peak resultant force s 0.0006 0.0005 0.0005 0.0004 
    % impact time % 66.7% 50.0% 55.6% 36.4% 
Peak reaction force (horizontal - x) kN 22.0 20.6 26.8 23.3 
    Time of peak x-force s 0.0005 0.0004 0.0004 0.0005 
    % impact time % 55.6% 40.0% 44.4% 45.5% 
Peak reaction force (vertical - y) kN 4.1 4.6 3.3 3.1 
    Time of peak y-force s 0.0006 0.0006 0.0006 0.0007 
    % impact time % 66.7% 60.0% 66.7% 63.6% 
Peak reaction force (lateral - z) kN 7.3 6.8 3.4 2.9 
    Time of peak z-force s 0.0006 0.0004 0.0006 0.0006 
    % impact time % 66.7% 40.0% 66.7% 54.5% 
Maximum ball compression m   0.0124 0.0135 0.0162 0.0172 
    Maximum compression % 

diam
17.2% 18.8% 22.5% 23.9% 

    Time of max compression % 44.4% 40.0% 55.6% 45.5% 
Maximum ball lateral deformation m 0.0049 0.0055 0.0064 0.0082 
    Maximum lateral deformation % 

diam
6.8% 7.6% 8.9% 11.4% 

    Time of max lateral deformation % 44.4% 40.0% 55.6% 45.5% 
Impulse of impact N.s 13.2 12.5 14.8 13.9 
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Figure 6.8 
Resultant linear velocity (ms-1) from wood and metal bats impacted with both 

Model B (worst case) and Model C (best case) baseballs.  BEV was measured 

0.005 s post-impact. 
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Figure 6.9 
BEV results for mesh density studies.  For both wood (a) and metal (b) bats, 

increasing mesh density results in convergence toward a central BEV solution. 
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Figure 6.10 
Contribution of each component of linear velocity (x, y, z) to the total resultant 

velocity. 
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Figure 6.11 
Impact duration (s) was quantified from reaction force measurements.  It was 

expressed as the period from the first reaction force measurement between bat 

and ball, until reaction force was zero. 
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6.6.4 Ball compression 
 

The pattern of ball deformation is shown in Figure  6.15.  Ball compression 

(Figure  6.16) was greater for metal bat impacts, regardless of ball type.  MC 

demonstrated the greatest compression (23.9 % of ball diameter), and WB the 

lowest (17.2 %).  The best-case ball (Model C) proved more compressible, with 

23.9 % and 18.8 % compression for metal and wood bat impacts respectively, 

compared with 22.5 % and 17.7 % in the worst-case ball (Model B).  Peak 

compression also occurred earlier in the impact period for this ball, as early as 

40 % for WC compared to 55.6 % for MB (Figure  6.17). 

 

 

6.6.5 Impulse 
 

The impulse of impact was related to ball type, with greater impulse obtained for 

MB and WB than impacts with the best-case ball.  The highest impulse was 

noted for MB (14.8 Ns), and the lowest for WC (12.5 Ns) (Figure  6.18). 

 

 

6.6.6 Risk analysis 
 

Extrapolated over 16.46 m, BEV from both types of bats and balls is inside the 

400 ms movement time required by a pitcher to a avoid a batted ball  (Figure 

 6.19).  The metal bat with the worst-case ball (MB) recorded the highest BEV, 

with 0.282 s available for evasive action,  (Table  6.8).  In the best case 

scenario, WC, 0.377 s was available for the pitcher to react to a ball hit directly 

at him. 
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Figure 6.12 
Peak (resultant) bat-ball reaction force (kN).  The instant at which peak force 

occurred (as a percentage of the ball compression-expansion cycle) is also 

shown. 
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Figure 6.13 
Contribution of each component of reaction force (x, y, z) to the total resultant 

force between bat and ball. 
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Figure 6.14 
Components of reaction force (x, y, z) for wood and metal bats impacted by ball 

models B (worst case) and C (best case). 
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Figure 6.15 
Example of variation of ball deformation in the x- (compressive) and z- (lateral) 

directions for metal (a) and wood (b) bats.  Both are given for impacts with ball 

model B. 
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Figure 6.16 
Peak ball deformation in the x-direction was measured from the relative 

displacements of a node on the leading and trailing surface of the baseball. 
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Figure 6.17 
Maximum baseball deformation in the x-direction (as a percentage of the ball 

compression-expansion cycle). 
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Figure 6.18 
Impulse of impact (Ns) was expressed as the integral of the impact force-time 

curve.  The curve was fit with a third order polynomial and the area bounded by 

the curve and x-axis estimated using the Trapezoidal Rule with 128 divisions. 
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Figure 6.19 
Time (s) taken by the ball to travel 16.46 m from the point of impact to the 

pitcher in the infield.  The dashed line represents the data of Cassidy and 

Burton (1989), who indicated 400 ms is required for a pitcher to complete a 

protective action against a ball hit directly at him. 
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Table 6.8 

2-D aerodynamics were used to extrapolate BEV at 0.005 s post-impact to 

determine the time for the ball to travel 16.46 m. 

 

 

 

  WOOD BAT METAL BAT 
Model B Model C Model B Model C

BEV (0.005 s post-impact) ms-1 50.9 46.0 61.5 55.4 
Flight time s 0.341 0.377 0.282 0.313 
x coordinate m 16.46 16.46 16.46 16.46 
y coordinate m -0.39 -0.52 0.57 -0.30 
Trajectory angle (θ) deg -0.02 -0.03 0.04 -0.02 
vy (at 16.46m) ms-1 -2.33 -2.78 3.98 -1.97 
vx (at 16.46m) ms-1 45.86 41.44 55.40 49.90 
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6.7 DISCUSSION 
 

The potential severity of impact injuries in baseball can be considered a 

substantial problem in sports medicine.  Decreasing BEV may reduce the 

frequency and severity of such injuries to baseball pitchers.  In order to develop 

meaningful performance regulations for bats and balls, the effect of equipment 

design on BEV had to be rigorously quantified.  This is the first study to evaluate 

the performance of wood and metal baseball bats in terms of the risk of injury to 

the pitcher from balls hit by each bat in a field situation.  BEV is a product of 

many factors, including bat and pitch velocity (Fleisig et al., 2002; Greenwald et 

al., 2001), baseball COR (Hendee et al., 1998), bat vibrational properties 

(Noble, 1998), and the impact location (Smith, 2001; Penrose & Hose, 1999).  

Using a mathematical model driven by bat kinematics from high-performance 

hitters, and experimentally determined ball time-dependent properties, it was 

shown in this thesis that the performance of metal bats is much superior to that 

of wood bats.  Reduction in the instantaneous shear (G0) and relaxation (G∞) 

modulii of the baseballs increased the time available for evasive action by the 

pitcher by approximately 10 %.   

 

The immediate implications for this research are in the risk and severity of ball-

impact injury faced by unprotected pitchers.  The frequency and severity of 

batted-ball injuries to pitchers from balls hit by metal bats is a well-documented 

phenomena in junior and collegiate baseball (Adler & Monticone, 1996; Dick, 

1999; Mueller et al., 2001; Pasternack et al., 1996).  Impact between the metal 

bat and the high stiffness ball (Model B) recorded the highest BEV (61.5 ms-1), 

with 0.282 s available for evasive action (Table  6.8).  For impact from the wood 

bat with ball Model C, 0.377 s was available for the pitcher to react to a ball hit 

directly at him, which was still lower than the 0.400 s “danger window”.  

Although the 0.400 s movement time is not adopted as a “gold standard” by the 

baseball community, it has, nevertheless, previously been used as a guide for 

establishment of BEV regulations by the NCAA (“Baseball bat safety”, August 

28, 1999).   
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In addition to the limited time available for reaction, the velocity of the ball when 

it reaches the pitcher presents a risk of severe injury in the case of the player 

being struck by the ball.  While the biomechanics of impact injuries are beyond 

the scope of this research, BEV is an important factor in the severity of many 

catastrophic injuries.  The results of this analysis suggest in the worst case 

(metal bat impacted by Model B baseball), the ball will have a velocity of 55.4 

ms-1 when it reaches the pitcher.  In the best case (wood bat with Model C 

baseball), the ball velocity at the pitcher will be 41.4 ms-1.  Heald and Pass 

(1994) and Viano et al. (1993) showed skull fracture in cadaver heads occurred 

at 26.2 ms-1 for impacts with a professional standard baseball.  Impact by a 

baseball at 24.6 ms-1 has been shown to cause ocular rupture, with almost total 

extrusion of the intraocular contents (Vinger et al., 1999).  Link et al. (2002) 

indicated a relationship exists between baseball stiffness and the likelihood of 

ventricular fibrillation in a swine model.  Tests with “softer” baseballs at 18 ms-1 

triggered ventricular fibrillation in less than 22 % of instances, compared to 69 

% with standard baseballs.  The results of the present study highlight the 

danger faced by the pitcher who stands unprotected in the centre of the playing 

field.   

 

While it has been suggested having external automatic defibrillators and 

medical personnel present at youth games to treat impact injuries (Vincent & 

McPeak, 2000), prevention of such injuries may be more efficacious.  The 

results of this analysis indicate variation in the time-dependent properties of the 

ball is a viable method for reducing BEV, which in turn may reduce the 

frequency and perhaps the severity of batted-ball injuries.  The effectiveness of 

varying ball material parameters to reduce ball impact injuries is clearly 

dependent on the specific injury mechanism.  However, decreasing the ball 

modulus has been shown to reduce impact force and peak head acceleration 

up to 86 % (Crisco et al., 1997; Heald & Pass, 1994; Viano et al., 1993) and 

decrease the risk of head injury from 52 % to 14 % (Viano et al., 1993).  While 

debate remains over the performance characteristics of modified balls (Janda et 

al., 1992; Link et al., 1998), this study indicated a less-stiff ball can retain similar 

impulse and COR characteristics as a more “traditional” ball.  This may point to 
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an avenue for improving the safety of infielders while retaining the intrinsic 

character of the game. 

 

This research marks an extension on previous mathematical models of 

equipment performance in baseball.  The deformation patterns of the baseball 

have never previously been quantified.  In videographic analysis of club-ball 

impact in golf, Hocknell, Mitchell, Jones and Rothberg (1998) described 

significant ball deformation in the impact region, diametrically opposite the 

contact site, and perpendicular to the intended line of flight.  They discussed the 

difficulty of obtaining this data experimentally – even using a digital video 

camera operating at 40,500 fps they were unable to capture more than a few 

frames of the impact.  While Chauvin and Carlson (1997) commented on higher 

baseball COR being associated with less ball deformation, there has been no 

experimental measurement of ball compression during either COR tests or bat-

ball impact.  This may have been a consequence of the methodological 

problems described above.  Consequently, using explicit FEA represents a 

substantial contribution to the analysis of transient mechanical behaviour in 

baseball.  Although a linear viscoelastic model has been employed in previous 

bat-ball impact studies (Shenoy et al., 2001; Smith, 2001; Smith et al., 2000), 

these authors focussed on the performance of the bat and no indications were 

made of ball deformation or the effect of varying ball material parameters on 

BEV.  In this research, 10 % reduction in ball COR at 40.2 ms-1 was associated 

with up to 6.7 % higher compression during bat-ball impact.   

 

FEA has been used to study the value of robotic hitting machines used to 

predict bat performance.  Models have been developed which utilise planar 

horizontal motion, significant constraints at the grip-end of the bat, and loading 

velocities not representative of typical swing speeds (Mustone & Sherwood, 

1998; Shenoy et al., 2001).  The use of planar horizontal motion obviates the 

importance of the complex translational and rotational kinematics used by the 

hitter in determining the orientation at impact of wood and metal bats.  The aim 

of this study was to determine the risk of impact injury to a pitcher from a ball hit 

toward him, in a field situation.  A contribution toward improving safety in 

baseball has been made by conducting an analysis which incorporates the 
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factors inherent in field performance including linear and angular bat velocities, 

and bat 3-D orientation at the instant of impact, representative of bat motion 

when swung by high-performance hitters.  Laboratory tests are designed for 

maximum repeatability and consistency, and are much more reliable than 

having even a high-performance player swing a bat.  They do provide important 

and verifiable information about bat performance.  However, in on-field 

performance, other factors contribute to BEV.  The effect of out-of-plane bat 

motion was demonstrated in this thesis by comparison of the performance of 

the two bats with respect to their pre-impact horizontal orientation.  The metal 

bat was almost perpendicular to the flight of the oncoming ball, and this resulted 

in the baseball being hit with a very low proportion of post-impact vertical or 

lateral motion.  In contrast, the impact between the wood bat and ball was much 

more oblique, resulting in lower post-impact velocity.    

 

Much lower BEV was obtained from bat models with kinematics based on zero 

or planar rotational motion and velocities not representative of those seen in the 

field.  Mustone and Sherwood (1998) obtained BEV of 44.1 ms-1 for wood bats 

and 48.3 ms-1 for metal bats when using FEA to study the performance of a 

robotic hitting machine swinging bats in a horizontal plane at 31 ms-1.  Smith et 

al. (2001) obtained BEV of 34.7 ms-1 for bat-ball impact velocities up to 53 ms-1, 

but the pre-impact velocity of the bat was limited to 22 ms-1 to prevent bat 

failure during impact.  The current analysis suggests the complex combination 

of translational and rotational motion used in the swing of a high-performance 

player can produce much higher BEVs, and indicate a performance potential for 

bats in the field which exceeds that demonstrated under laboratory conditions.  

Smith (2001) proposed a set of “field-like” conditions be adopted to improve the 

applicability of test results from robotic machines.  These conditions include 

increasing inbound ball speed to 40 ms-1 (90 mph) and bat angular velocity to 

45 rad.s-1, factoring in bat inertia and conducting tests at the point of maximum 

momentum transfer on the bat.  Analysis using explicit FEA based on 3-D bat 

kinematics and time-dependent models for the baseball would allow easy 

control of all these variables and a more thorough understanding of mechanical 

behaviour related to production of BEV to be gained. 
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6 LIST OF FIGURES 
 

Figure  6.1 

Keypoints for metal bat geometry were obtained from caliper measurements of 

bat diameter and wall thickness at 10 mm intervals along the bat length.  These 

physical measurements were input into ANSYS/LSDYNA as Cartesian 

coordinates. 

Wood bat geometry was obtained from caliper measurements of bat diameter at 

165 intervals along the bat length. 

Bat volumes were generated by rotating the area bounded by the spline and the 

global x-axis, about that axis. 

Figure  6.2 

a) Wood baseball bat meshed with SOLID164 explicit hexahedral elements. 

b) Metal baseball bat meshed with SOLID164 explicit hexahedral elements. 

Figure  6.3 

The Young’s modulus of each bat was reduced by a factor of five to investigate 

the dependence of BEV on bat materials.  BEV for metal (a) and wood (b) bat 

impacts indicates little effect. 

Figure  6.4 

Baseball bat model showing the default orientation of the global working plane 

in ANSYS/LSDYNA – i.e. aligned with the global X-Y plane.  

Figure  6.5 

The global working plane was rotated prior to entry of keypoint coordinates for 

each bat, in order to replicate the orientation in 3-D space of each bat at the 

instant prior to impact.  For the metal bat, the WP was rotated 90 deg about the 

y-axis (a), a further 6 deg about the y-axis (b), and 30 deg about the z-axis (c).  
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The final position of the metal bat is illustrated in (d).  To orientate the wood bat, 

rotations of 90 and 19 deg (e, f) about the y-axis, and 27 deg about the z-axis 

(g), were undertaken before the model was developed (h). 

Figure  6.6 

Four nodal locations in the baseball were trialled for stability of BEV 

measurement 0.005 s post-impact.  Measurement at surface nodes on the 

trailing and lateral edges of the ball, and a node midway between the ball centre 

and surface, were affected by the oscillations and large deformation 

experienced by the ball.  The node at the geometric centre of the ball provided 

the most consistent results. 

Figure  6.7 

A baseball in flight is subject to a number of forces that affect the velocity with 

which the ball travels.  Air exerts a friction force that causes the spinning 

baseball, with its raised seams, to drag air near its surface around with it.  The 

asymmetry of the seams creates pressure imbalances that are inherent in the 

development of drag (Dx) and lift (Lx) forces.  

Figure  6.8 

Resultant linear velocity (ms-1) from wood and metal bats impacted with both 

Model B and Model C baseballs.  BEV is measured 0.005 s post-impact. 

Figure  6.9 

BEV results for mesh density studies.  For both wood (a) and metal (b) bats, 

increasing mesh density results in convergence toward a central BEV solution. 

Figure  6.10 

Contribution of each component of linear velocity (x, y, z) to the total resultant 

velocity. 

Figure  6.11 

Impact duration (s) was quantified from reaction force measurements.  It was 

expressed as the period from the first reaction force measurement between bat 

and ball, until reaction force was zero. 
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Figure  6.12 

Peak (resultant) bat-ball reaction force (kN).  The instant at which peak force 

occurred (as a percentage of the impact period) is also shown. 

Figure  6.13 

Contribution of each component of reaction force (x, y, z) to the total resultant 

force between bat and ball. 

Figure  6.14 

Components of reaction force (x, y, z) for wood and metal bats impacted by ball 

models B (worst case) and G (best case). 

Figure  6.15 

Variation of ball deformation in the x- (compressive) and z- (lateral) directions 

for metal (a) and wood (b) bats. 

Figure  6.16 deformed picture 

Peak ball deformation in the x-direction was measured from the relative 

displacements of a node on the leading and trailing surface of the baseball. 

Figure  6.17 

Maximum baseball deformation in the x-direction (as a percentage of the ball 

compression-expansion cycle). 

Figure  6.18 

Impulse of impact (Ns) was expressed as the integral of the impact force-time 

curve.  The curve was fit with a third order polynomial and the area bounded by 

the curve and x-axis estimated using the Trapezoidal Rule with 128 divisions. 

Figure  6.19 

Time (s) taken by the ball to travel 16.46 m from the point of impact to the 

pitcher in the infield.  The dashed line represents the data of Cassidy and 

Burton (1989), who indicated 400 ms is required for a pitcher to complete a 

protective action against a ball hit directly at him. 
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LIST OF TABLES 
 

Table  6.1 

Physical characteristics of baseball bats used to develop 3-D models in this 

study.  Included are LSDYNA’s estimates of bat mass and inertial properties 

from the 3-D models. 

Table  6.2 

Element type and number of DOF, nodes and elements for bat and ball models 

in this study.  Also given are details of ball mesh used in the mesh convergence 

study used to determine the adequacy of mesh density for measurement of 

BEV. 

Table  6.3 

Material characteristics of metals commonly used in bat manufacture.  

Aluminium was selected as the material for the metal bat model in this study. 

Table  6.4 

Material characteristics of northern white ash wood (Fraxnius Americanus) used 

in baseball bat manufacture. 

Table  6.5 

Experimental values for 3-D bat orientation angles, where horizontal orientation 

is the relative alignment of the bat to the global z-axis, and vertical orientation is 

expressed relative to the global y-axis.  The LSDYNA working plane was 

rotated from its default x-y alignment to reflect the position of each bat, prior to 

entry of bat x, y, z coordinates in the modelling process. 

Table  6.6 

Linear and angular velocity loads applied to each bat were obtained using high-

speed videography from seventeen elite baseball batters (see Chapter 4).  

Linear velocity loads were entered as time-varying array parameters applied to 
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nodal components for each end of the bat.  Angular velocities were applied 

about an axis 10 cm distal to the bat knob. 

Table  6.7 

Results of bat-ball impact analysis for wood and metal bats impacted with two 

types of baseballs. 

Table  6.8 

2-D aerodynamics were used to extrapolate BEV at 0.005 s post-impact to 

determine the time for the ball to travel 16.46 m. 
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7 CHAPTER 7 
 

SUMMARY AND CONCLUSIONS 
 

 

In this chapter, a summary of results from the three analyses undertaken in this 

research program is provided.  This is followed by a synthesis of the scientific 

and practical applications of these results, and recommendations for further 

research. 

 

 

7.1 SUMMARY 
 
 
i. The performance of a wood bat and a metal bat in a field situation were 

compared using high-speed videography.   

 
a. A sample of 17 high-performance hitters undertook batting practice 

with these bats, which were virtually identical in length and mass but 

varied in moment of inertia.   

b. Mean metal bat BEV was 2.6 ms-1 higher than that from the wood bat.   

c. This result was attributed to the higher horizontal (p<0.002) and 

resultant (p<0.001) linear velocity of the distal end of the metal bat 

compared to the wood bat ; the angular velocity of the implements 

was virtually identical.   

d. The hitting surface of the metal bat was 13 deg more perpendicular to 

the path of the oncoming ball than the wood bat at the instant prior to 

impact, which may have contributed to higher BEV as less ball energy 

would be lost to friction and spin during the impact. 

 

ii. A mathematical approximation of the response of the baseball to large 

deformations (up to 50 % of original diameter) was formulated using 

experimental and computational techniques. 
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a. Unconfined uniaxial quasi-static compression tests to 50 % of ball 

diameter in 70 new baseballs (from 7 models) indicated a non-linear 

force-displacement response. 

b. A mathematical description of material behaviour during this large 

deformation was obtained using implicit FEA.  The time-dependent 

response was initially quantified using a hyperelastic model (Mooney-

Rivlin), which provided an excellent fit to the experimental data.  

However, the model was unavailable for use in the explicit code, and 

was replaced with a linear viscoelastic model.  This model slightly 

over-estimated the experimental force-displacement curves. 

c. The viscoelastic material constants obtained for a very stiff baseball 

and a ‘softer’ type were verified against the experimental coefficient of 

restitution results of Hendee et al. (1998) for ball impact velocities 

ranging from 13.2 to 40.2 ms-1. 

 

iii. Numerical analysis of bat-ball impact for wood and metal bats and two 

types of baseballs was conducted using explicit FEA procedures. 

 
a. The initial conditions (bat linear and angular velocity and orientation in 

3-D space) and ball material properties were obtained from the 

experiments described in (i) and (ii) respectively. 

b. The analysis was restricted to impact at the point of greatest 

momentum transfer on each bat (650 mm from the distal end of the 

wood bat; 670 mm for the metal bat).   

c. By discretising the problem into sufficiently small “elements”, and 

obtaining the solution over many small time-steps, it was possible to 

obtain BEV 0.005 s post-impact (Chapter 6).   

d. An estimation of the risk of impact injuries to pitchers was made using 

reaction time data for baseball infielders (Cassidy & Burton, 1989), 

and extrapolation of initial BEV over 16.50 m (the distance between 

hitter and pitcher) using aerodynamic theory.   

e. The metal bat produced higher BEV than the wood bat (a difference 

of 10.6 ms-1), regardless of the type of baseball used.   
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f. The more oblique orientation of the wood bat at impact may have 

been responsible for a greater proportion of post-impact ball velocity 

being lost to lateral and vertical motion. 

g. Peak baseball compression was greater for metal bat impacts (22.5 – 

23.9 %) than wood bat impacts (17.2 – 18.8 %). 

h. Variation in the time-dependent (shear and relaxation) properties of 

the baseball produced reductions in BEV of up to 10 %. 

i. Extrapolation of BEV over 16.46 m indicated BEV from both types of 

bats and balls exceeds that corresponding to the 400 ms reaction 

time required by a pitcher to a avoid a batted ball.  The metal bat with 

the worst-case ball (MB) recorded the highest BEV, with 0.282 s 

available for evasive action.  In the best case scenario, WC, 0.377 s 

was available for the pitcher to react to a ball hit directly at him.   

 

 

7.2 CONCLUSIONS 
 

Baseball has evolved from the relatively static nineteenth-century US pastime 

with its heavy hickory bats and “dead” balls, to a well-organised global game 

played at many levels, from children to highly-trained professional hitters using 

sophisticated equipment.  Control of bat and ball design and mechanical 

properties represents a potential avenue for reducing the frequency and 

severity of impact injuries to defensive players.  The results obtained in this 

thesis indicate both bat design (moment of inertia) and ball behaviour (shear 

and relaxation properties) influence BEV.   

 

A bat with a higher moment of inertia showed reduced linear velocity at the 

instant of impact, and thereby the momentum transferred to the ball.  This may 

point to a strategy for giving fielding players extra time to make a “protective” 

movement.  These results support the introduction of standards for non-wood 

bats so the implement becomes “comparable to wood bats in weight variance”, 

first proposed by the NCAA in 1996 (NCAA News, July 22, 1996).  These 

recommendations are yet to be formally adopted however. 
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The dynamic material behaviour of the baseball is complex and was previously 

not well understood.  The current study constitutes a substantial contribution to 

the body of knowledge on the elastic and time-dependent properties of 

baseballs under large-deformation conditions.  A mathematical description was 

made of baseball response during compression.  The model accounted for the 

strain rate-dependent behaviour through linear viscoelasticity, admitting both 

geometric nonlinearity (the large deformations to which the balls are subjected) 

and time-dependent behaviour of the elastomers used in baseball construction.  

Assurance can now be given for the validity of results beyond the small-

deformation compression tests employed in previous analyses (Chauvin & 

Carlson, 1997; Crisco et al., 1997; Heald & Pass, 1994; Hendee et al., 1998).  

This analysis was able to replicate both quasi-static static force-displacement 

curves and COR results at five velocities for two baseball models.  Three 

material parameters – instantaneous and relaxed shear modulus, and a decay 

term – were determined from a uniaxial compression experiment and FEA, and 

these were sufficient to fit the nonlinear force-displacement curves and develop 

a constitutive relation which was incorporated into analysis of bat-ball impact. 

 
The velocity with which a baseball can be hit is related to multiple factors, 

including bat flexural and vibrational behaviour, impact location on the bat, bat 

and pitch velocity, and the ball material properties.  This study has shown for 

impacts at the point of maximum momentum transfer on the bat, 3-D bat 

kinematics and the time-dependent properties of the baseball affect BEV to be 

generated from both wood and metal bats.  The higher moment of inertia of the 

wood bat resulted in lower pre-impact linear velocity and a more oblique bat-ball 

impact.  The energy lost to lateral motion was an important factor in the lower 

BEV recorded from this bat.  Models developed using FEA can incorporate 

changes to bat inertial properties and the large-deformation dynamic response 

of the baseball, both factors which may be modified to produce more “wood-

like” performance from metal bats. 
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7.3 RECOMMENDATIONS AND FURTHER RESEARCH 
 

Impact injuries to baseball pitchers are a product of multiple factors, including 

the mechanical properties of bats and baseballs, fielding technique, and the 

size and strength of hitters.  These latter factors are yet to be addressed in the 

scientific literature.  Reduction in ball-impact injuries requires a wide-ranging 

response, and may include the use of safety equipment, separation of players 

by age, size and skill level, and enforcement of existing rules regarding the 

distance between batters and fielders in practice and in games (Rutherford et 

al., 1984).  This study was limited to assessment of the impact response of bats 

and balls, but has important consequences for the design and regulation of this 

equipment.  These implications are outlined below: 

 

7.3.1 Bat certification and testing 
 

Metal bats were introduced into baseball in 1972 to address rising costs 

associated with broken wood bats.  Reversion to the use of wood bats was 

shown by Thurston (1999) to reduce the batting average of 75 collegiate players 

an average of 100 points.  However, with 19 million participants each year in the 

United States, returning to the exclusive use of wood bats is not an 

economically viable strategy to reduce the likelihood of ball-impact injuries to 

pitchers.  NCAA regulations for metal bats legislate for design features including 

bat diameter and length-to-weight ratio.  The results of the current study 

indicate certified bats can produce greater velocity when swung by a hitter than 

by a robotic machine.  The importance of accounting for bat inertial properties 

during the testing procedure is indicated by the results of this study.  Utilisation 

of numerical methods as an adjunct form of bat testing may provide further 

insight into the maximal performance capabilities of wood and metal bats.   
 

7.3.2 Bat design 
 

Bat kinematics have been shown to be a complex combination of translational 

and rotational motion.  Resistance to this motion is affected both by bat mass 

and the distribution of that mass with respect to axis about which body is 

rotating.  The results of this research indicate bat moment of inertia is an 
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important factor in the bat pre-impact linear velocity and 3-D orientation.  This 

affected both resultant BEV and the dispersal of the BEV among horizontal, 

lateral and vertical components of velocity.  These results have implications for 

the design and testing of baseball bats, as handle-weighting of the bat resulted 

in higher BEV.   An additional advantage to the hitter of using a handle-

weighted bat is enhancement of angular acceleration, which permits a delay in 

the onset of the swing and greater opportunity to detect the flight and velocity of 

the incoming ball (Thurston, 1999).  When using the metal bat, players in this 

study recorded notably shorter swing time and significantly greater x- and 

resultant hand velocity, which promoted greater bat tip velocity.  The results of 

this study indicate the less oblique impact with the metal bat contributed to 

higher BEV.  A “square” impact between bat and ball increases BEV through 

the minimal loss of ball energy to lateral motion (Hay, 1993).  The greater barrel 

lag at impact indicated for the barrel-weighted wood bat in this study may point 

toward a potential design-control method for BEV.  Metal bat swing moment 

may be controlled through modifications such as adjustments in barrel wall 

thickness and changes in handle diameter and knob weight, and further 

investigation of the effect of these design practices on field performance is 

recommended.   

 

7.3.3 Player-related factors 
 

Two of the factors not considered in this study which may be related to the 

incidence of pitchers being injured by batted-balls, are the size and strength of 

batters, and the fielding technique used by pitchers.  The size and power of 

modern professional hitters is demonstrated by Major League performances 

within one week in 2002.  In the period August 12 – 18, four players hit three 

home runs in a game, all using wood bats, and Barry Bonds hit his 600th career 

home run, the fourth highest total ever (behind Hank Aaron, Willie Mays and 

Babe Ruth).  While training techniques have improved the strength of players, 

ballparks decreased in size and concerns been raised about steroid use, the net 

result of bigger, stronger players may be an influential factor in the production of 

high BEV.  Similarly, in collegiate baseball, the average number of home runs 

per game doubled from 0.45 to 0.9 since 1972 (NCAA News, September 1, 
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1997).  Although wood bats were exclusively used in 1972 and metal bats in 

1997 in college baseball, the issue of high BEV may also be related to factors 

beyond the equipment used by the players.  Investigating the effect of player 

size and strength on bat velocity may provide further insight into this problem.  

Similarly, the relationship of the throwing and fielding technique used by 

pitchers to reaction time against a batted-ball, remains to be quantified. 

 

7.3.4 Baseball dynamic behaviour 
 

The results in Chapter 5 indicate the suitability of the Extreme Mooney material 

model to characterise the nonlinear force-displacement curves.  The use of this 

hyperelastic model for dynamic analysis was prohibited by software problems in 

this study, but should be further investigated as a potential descriptor of time-

dependent response in baseballs for future numerical analysis of baseball 

behaviour. 
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• Participant welfare: 
Every effort will be made to minimise risk of harm or discomfort to participants in 
this project.  Participants will be fully familiarised with all test procedures, be 
supplied with approved safety equipment (batting helmets), follow a standardised 
warmup procedure, and given adequate recovery between trials to minimise the 
effects of fatigue. 
This research aims to have long-term benefit for the participants, through increased 
understanding about the potential risks faced by infield players from balls struck with 
metal or wooden bats.  In order to understand this risk, knowledge of the position (in 
3D space) and velocity of each bat type at impact is required.  This study aims to 
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• Participant rights: 
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from the study for any reason, will be respected.  Any data collected from participants 
who withdraw will be destroyed.  All data collected will be treated with the strictest 
confidentiality, and stored in a manner appropriate to maximum privacy and security. 
The subjects will be required to attend one familiarisation, and one testing session.  
This should not constitute an over-burdening on each subject. 
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experienced by subjects as stressful, noxious, or unpleasant? Yes [  ]  No  [x  ] 
 
(g) Will the research use no-treatment or placebo control conditions? Yes [  ]  No  [x  ] 
 
(h) Will any samples of body fluid or body tissue be required specifically for the 

research, which would not be required in the case of the ordinary treatment? Yes [  ]  No  [x  ] 
 
(i) Does the research involve a fertilised human ovum? Yes [  ]  No  [x  ] 
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(j) Does the project use embryos beyond a period of fourteen days after 

fertilisation? Yes [  ]  No  [ x ] 
 
(k) Does the project involve the implantation of embryos, which have been the 

subjects of prior experimentation? Yes [  ]  No  [ x ] 
 
(l) Are there in your opinion any other ethical issues involved in the research? Yes [  ]  No  [ x ] 
 
 
 
 If the answer to any of the above questions is 'Yes' please amplify below. 
 

 
Two high-speed video cameras (200Hz) will be used to capture the motion of each 

baseball hitter hitting baseballs with a wood and an aluminium baseball bat.  As 
baseball hitting is an extremely rapid and dynamic action, visual inspection is 
insufficient to quantify the displacements, velocities, accelerations and angular 
positions involved. 

 
 
 
9. AIMS OF THE PROJECT: 
 
 Please give a concise and simple description of the aims of the project.  This must be in lay terms. 
 

In order to understand the dynamics of the collision between baseball and 
baseball bat, it is necessary to know the exact position and location of the bat (in 
three-dimensional space) at impact.  It is thought that the differences in weight-
distribution of wood and metal baseball bats may perpetuate differences in the 
way the bat is swung and hence the impact velocity and location. 
This has implications for the velocity and trajectory of the baseball after impact, 
and hence for the safety of fielding players who risk being struck by the batted 
ball. 
 

 
 

10. SUBJECT GROUP: 
 
(a) Who will be the participants?  Please include size of sample(s) and variables such as age, sex and state 

of health.  Please state clearly whether children, mentally ill individuals or persons in dependent 
relationships such as teacher/student, doctor/patient, staff etc. will be recruited. 

 
Approximately 30 male Western Australian baseball players will be recruited. 
They will be aged 16-30 years.  Athletes aged under 18 years who fit the criteria 

detailed in (b) below will be invited to participate, as they can be considered 
elite performers and the research has implications for baseball played in their 
age-grouping.  Informed consent will be obtained from both the athlete and the 
parents/legal guardians of athletes aged under 18. 

Each athlete will be suffering no current injuries which may influence hitting 
technique. 
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(b) From where and how will subjects (including control subjects if applicable) be recruited? 
 

Selection of subjects will be based on WA Baseball and International Baseball 
League Australia (IBLA) statistics from the 1999-2000 baseball season.  Each 
hitter must have played 30 State League or IBLA games in that season, with a 
season batting average of 0.350 or greater. 

 
 
 
(c) Does the research specifically target Aboriginal people or is the sample 

likely to include a significant percentage of Aboriginals? Yes [  ]  No  [ x ] 
  

 If 'Yes', please attach a statement indicating in what way Aboriginal sensitivities have been recognised 
and which Aboriginal groups or organisations have been consulted. 

 (See NHMRC Guidelines on ethical matters in Aboriginal and Torres Strait Islander health research 
(1991).) 

 
11. DETAILS OF PROCEDURES: 
 
(a) Please describe briefly the project methodology.  Describe all procedures to which participants will be 

subjected, highlighting any which may have adverse consequences. 
 

Testing will take place at the Western Australian Cricket Association (WACA) 
indoor batting facility in Perth.  Each hitter will undertake a full familiarisation 
session prior to data collection. 

Test protocol: each hitter will perform a standardised warmup consisting of light 
aerobic activity, stretching, ‘dry’ swings and hitting from a pitching machine 
using both the wood and aluminium bat supplied by the researchers.  The hitter 
will then be filmed using two high-speed (200Hz) video cameras.  For each bat 
type, each hitter will be required to successfully hit 5 balls from the pitching 
machine, which will be located at a distance of 18m.  Each ball will be pitched 
at 80mph (35.55 m/s).  A successful hit will be designated as potentially landing 
in the field of play, and hit “low and flat” without touching the floor within an 
18m radius of the hitter.  The hitter will be permitted up to 10 minutes recovery 
between use of each bat.  The order of bats used will be randomised. 

Video data will be analysed using the Peak Motus 2000 software.  Angular positions, 
velocities and accelerations associated with the hitting motion will be quantified 
for each bat type. 

 
 
(b) Will any chemical compounds, drugs or biological agents be 

administered? Yes [  ]  No  [ x ] 
 
 If  'Yes', describe names, dosages, routes of administration, frequency of administration, and any 

known or suspected adverse effects.  All suspected adverse events should be listed on the information 
sheet/consent form. 
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(c) Does the research involve use of unmarketed drugs? Yes [  ]  No  [ x ] 
 

 If  'Yes', Clinical Trial Notification (CTN) or Clinical Trial Exemption (CTX) approval must be 
obtained before the project may proceed. 

 
 Investigational brochure enclosed. Yes [  ]  No  [  ] 
 
 CTN approval has been requested. Yes [  ]  No  [  ] 
 
 CTX approval has been requested. Yes [  ]  No  [  ] 
 
(d) Will blood or other tissue samples be taken? Yes [  ]  No  [ x ] 
 
 If 'Yes', please state site, frequency and volume of any blood or other tissue sampling. 
 

 
 
 
 

 
 If 'Yes', list all personnel who will be involved in this procedure. 
  

 
 
 
 
 

 
 
(e) Will there be any invasive procedures other than blood or 

tissue sampling? Yes [  ]  No  [ x ] 
 
 If 'Yes', please provide details of these procedures. 
 

 
 
 
 
 
 

 
(f) Will subjects be exposed to ionising or non-ionising radiation? Yes [  ]  No  [ x ] 
 

(i) If 'Yes', please provide details including the quantitative assessment of the absorbed dose, 
supported either by dosimetric calculation or other information. 

 
 
 
 
 
 
 
 
(ii) If 'Yes', has the radiation Protection Office been 

asked for approval? Yes [  ]  No  [  ] 
 
 If 'Yes', please attach copy of approval notification.  
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12. INFORMATION SHEET AND INFORMED CONSENT FORM: 
 
 Normally, each subject is given an information sheet and is required to sign a consent form. 
  
 Do you undertake to obtain written consent for each participant? Yes [ x ]  No  [  ] 
 
(a) If 'Yes', please attach a copy of the Information Sheet and the Consent Form to be given to and signed 

by all participants and/or their responsible signatory.  These forms should be on departmental 
letterhead.  The Information Sheet should describe all the procedures proposed in clear, simple terms. It 
should list any potential short- or long-term side effects and any hazards.  The required standard 
paragraph must be included at the bottom of all Consent Forms.  (As the majority of concerns 
raised by the Human Research Ethics Committee are raised in connection with the Information Sheet 
and Consent Form, it is strongly recommended that you consult the Guidelines for Preparation of 
Information Sheet and Consent Form, available on the Human Ethics Office web page.) 

 
(b) If 'No', please justify this departure from normal procedure. 
 

 
 
 
 
 
 
 
 

 
13. POTENTIAL BENEFITS AND RISKS: 
 
(a) What are the possible benefits of this research? 
 

(i) To the participant: 
 
Professional baseball hitters are not permitted to use aluminium bats which are in use 

at all junior and sub-elite levels of the game. Increased understanding of the 
technical differences between hitting with the two bat types may result in 
increased efficacy of coaching practices and preparation for a professional 
career. 

Increased understanding of bat position and velocity at contact for each bat type will 
invoke greater understanding of the likely exit velocity of a ball hit by each bat 
type.  This can have implications for the safety of infield players: if balls are hit 
at very high speed, severe injury may result if a player does not have sufficient 
time to react and is impacted by the ball.  Knowledge of the likely risk faced by 
infielders can be used to improve safety in baseball through recommendations 
for equipment modification. 

 
 
(ii) To humanity generally; 
 
This study represents a scientific investigation into the aetiology of impact injuries to 

infield players in baseball. The reduction of injuries will decrease associated 
medical expenses and time lost in practice and play. 
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(b) What in your view are the possible hazards of this research to the participants? 
 

• Hitters will be asked to hit with maximum effort in each trial, as in game 
conditions.  There is the risk of muscle or ligament injury in any maximal 
exertion. 

• The pitching machine will be propelling baseballs to the hitter at high speed.  
There is the risk of impact injury if a pitch is misjudged by the hitter.  All 
participants will be familiarised with the pitching machine prior to filming, and 
approved safety-helmets worn at all times. 

• Reflective markers will be fitted to the major joints of each subject during 
filming.  There is the small risk of skin reaction to the adhesive gel used to attach 
each marker to the skin. 

 
 
 
14. REMUNERATION: 
 
 Is any financial remuneration or other reward being offered 
 to participants in the study? Yes [ x ]  No  [  ] 
 
 If 'Yes', please state how much will be offered and for what purpose, e.g. to cover travelling expenses, 

time spent etc. 
 Please justify the level of remuneration noting the guidelines established by NHMRC. 
 

Each hitter will receive a video cassette of high-speed footage of their individual 
hitting technique.  This footage may assist in a better visualisation of their own 
hitting technique. 

 
 
 
15. EXTERNAL AUDITS: 
 
 Will individual results of this study be subject to an audit by 

any agency external to the University? Yes [  ]  No  [ x ] 
 

 If 'Yes', who will be conducting the audit? 
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CHECK LIST 

 
 To assist with processing this application, I have: 
 
1. answered all the questions fully; Yes [ x ]  No  [  ] 
 
2. signed this application form and obtained the Head of Department's 

signature;  Yes [ x ]  No  [  ] 
 
3. enclosed the original application form, with a copy of the 

Information Sheet/Consent Form and any related documentation 
(questionnaires, letters, etc.) attached; Yes [ x ]  No  [  ] 

 
4. enclosed nine complete collated copies of the above (No.3); and Yes [ x ]  No  [  ] 
 
5. enclosed one copy of the full grant/research proposal. Yes [  ]  No  [ x ] 
 

 
Chief Investigator: 
 

• I certify that I am the Chief Investigator named on the front page of this application form. 
 

• I undertake to conduct this project in accordance with all the applicable legal requirements and ethical 
responsibilities associated with its carrying out and I also undertake to ensure that all persons under my 
supervision involved in this project will also conduct the research in accordance with all such 
applicable legal requirements and ethical responsibilities. 

 

• I certify that adequate indemnity insurance has been obtained to cover the personnel working on this 
project. 

 

• I have read the Code of Practice for the use of Name-identified Data.  I declare that I and all researchers 
participating in this project will abide by the terms of this Code. 

 

• I make this application on the basis that it and the information it contains are confidential and that the 
Human Research Ethics Committee of The University of Western Australia will keep all information 
concerning this application and the matters it deals with in strict confidence. 

 
 

Name (Please print):         
 
 
 
Signed:  Date:     
 
 
 

Head of Department: 
 

I am aware of the content of this application and approve the conduct of the project within this 
department. 

 
 

Name (Please print):         
 
 
 
Signed:  Date:     
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APPENDIX 2 
 
 

DOCUMENTS OF INFORMED CONSENT, AND INFORMATION  
PACKS ISSUED TO ALL SUBJECTS
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THE UNIVERSITY OF WESTERN AUSTRALIA 
 

 

 
Dear   ; 
 
As part of my doctoral studies at the Univers
research into the performance of wood and 
prompted by concern that line-drives hit fr
hazard to infielders.  The research aims t
behaviour and bat design which contribute tow
 
Wood and metal bats of identical length a
distribution of that weight (ie a wood bat 
aluminium having more weight in the handle
swung, and the different position and velocit
for differences in ball exit velocity.  Part o
swing mechanics of baseball hitters using woo
 
As batting-average statistics indicate you ar
League hitters from 1999-2000, I would like
Should you choose to participate, you will 
Indoor practice facility, in which you will hit 
a 33-30 wood and metal baseball bat.  Your m
video cameras.  You will receive a copy 
appreciation for your participation. 
 
Enclosed is an information sheet which deta
consent form.  Please read them both caref
contact me at the number listed above.  Shou
enclosed consent form and return it in the Rep
 
Details of test arrangements are on the enclos
 
Yours sincerely, 
 
 
 
 
Rochelle L. Nicholls 
Ph.D. candidate 
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tends to have more weight in the barrel, 
).  This may impact on the way the bat is 
y of the bat at contact may be responsible 
f my research is an investigation into the 
d and metal bats. 

e one of Western Australia's top 40 State 
 to invite you to be part of this research.  
attend one hitting session at the WACA 
balls pitched from a pitching machine with 

echanics will be filmed using high-speed 
of all footage taken as an expression of 

ils the methodology of the project, and a 
ully.  If you have any questions, please 
ld you wish to participate, please sign the 
ly-Paid envelope. 

ed Test Details sheet. 
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Kinematic differences in baseball hitter

-- Subject Informa
 
PURPOSE 
Infield players in baseball, particularly pitchers
with a batted-ball.  These injuries may be a res
bats, which are generally lighter than wooden b
the ball at a greater velocity.  But even when m
they differ in the distribution of that weight (me
These design differences may result a differen
type, leading to a different bat position and
different ball velocity after contact.  This stu
mechanics of using wood and metal bats.   
 
PROCEDURES 
You will be asked to participate in a video sess
and one wood bat, supplied by the researchers.
and weight (30 ounces).  Filming will take pla
Baseballs will be pitched to you by a pitchin
distance of 18m (60 feet-6 inches). 
You will attend a familiarisation session prior 
opportunity to bat with both bats against the p
you may have relating to the test procedure. 
Two high-speed video cameras will be used 
each bat. 
To thank you for your participation, you will r
speed footage taken. 
 
RISKS 
The pitching machine will be delivering baseb
impact to your body from the baseball.  An app
use at all times during familiarisation and filmi
You will be asked to hit with maximum eff
maximal exercise, there is the small risk of m

174 
Department of Human Movement & Exercise Science 

Parkway Entrance No. 3 
Nedlands, Western Australia 6907 
Telephone +61 8 9380 2361 
Facsimile +61 8 9380 1039 
http://www.general.uwa.edu.au/~hmweb/index.htm 
Ms Rochelle L. Nicholls 
 Telephone (08) 9-380-1385 

Facsimile (08) 9-380-1039 
 

Professor Bruce C. Elliott 
Telephone (08) 9-380-2360 
Facsimile (08) 9-380-1039 

 

s using wood and aluminium bats 
tion Sheet -- 

, are at risk of serious injury from impact 
ult of the use of high-performance metal 
ats, so can be swung faster and hence hit 
etal and wood bats are equal in weight, 
tal bats having less weight in the barrel).  
t type of swing being used for each bat 
 velocity at contact with the ball, and 
dy will investigate the effect on swing 

ion where you will hit with one metal bat 
  Bats will be of equal length (33 inches) 
ce at the WACA indoor batting facility.  
g machine at a speed of 80mph from a 

to filming, in which you will be given an 
itching machine, and ask any questions 

to quantify your hitting mechanics with 

eceive a video cassette copy of all high-

alls at high speed.  There is the risk of 
roved batting helmet will be supplied for 
ng sessions. 
ort, as in a game situation.  With any 
uscle or ligament strain.  Before hitting, 



you will undertake a 15 minute supervised warmup - consisting of jogging, stretching, 
dry-swinging and hitting - to reduce this risk of musculoskeletal strains. 
Small plastic retroreflective markers will be attached to your major joints during filming 
(eg shoulder, elbow, wrist, hip, knee, ankle).  They will be attached using surface ECG 
electrodes, which have a low irritant conductive gel to improve adherance to the skin.  
This gel may irritate the skin of some subjects.  Before the markers are attached, the 
skin will be cleaned using light abrasive paper and alcohol.  This may cause localised 
skin irritation. 
No other risks are foreseen. 
 
BENEFITS 
Knowledge of the way each bat is swung, and the typical position and velocity of each 
bat type at contact, will improve understanding of ball exit velocity.  Calculation can 
then be made of the exact risk to pitchers and other infield players from line-drives hit 
with wood or metal bats.  This information will assist in improving the safety of the 
game of baseball. 
You will receive a short videotape containing high-speed footage (100 frames per 
second) of your hitting mechanics from two angles.  This may assist in improving your 
individual skill level. 
 
SUBJECT RIGHTS 
Participation in this research is voluntary and you are free to withdraw from the study at 
any time.  You do not need to give any reason for non-participation.  No prejudice will 
be invoked from your decision.  If you withdraw from the study and you are an 
employee or student at the University of Western Australia (UWA), this will not 
prejudice your status and rights as employee or student of UWA.  Should you withdraw 
from the study, any data supplied by you will be destroyed.  Your participation in this 
study does not prejudice any right to compensation which you may have under the 
statute of common law. 
Further information regarding this study may be obtained from Professor Bruce C. 
Elliott, at telephone number 9-380-2360, or Ms. Rochelle Nicholls at telephone number 
9-380-1385. 
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 THE UNIVERSITY OF WESTERN AUSTRALIA 
 

 
 

Kinematic differences in baseball hitter
-- Consent F

 
 
I _____________________ (participants nam
any questions I have asked have been answered
in this activity, realising I may withdraw at any
 
I understand that all information provided is tr
be released by the investigator unless required t
 
I agree that research data gathered for the study
other identifying information is not used. 
 
A phone number convenient to contact me:____
 
I am (please tick):_______right-handed batter  
 
 
___________________________________   
Participant      
 
___________________________________   
Parent/legal guardian if applicable    
 
___________________________________   
Investigator      
 
 
The Committee for Human Rights at the University of W
informated that, if they have any complaint regardin
conducted, it may be given to the researcher, or alternativ
the Secretary, Committee for Human Rights 
Registrar’s Office 
University of Western Australia 
Nedlands, WA  6907 
Telephone: 9-380-3703 
All study participants will be provided with a copy of th
personal records. 
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 time without prejudice.   
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______________ 

_________left-handed batter 

_________________________________ 
Date 
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Date 

_________________________________ 
Date 
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Kinematic differences in baseball hitters using wood and aluminium bats 
-- Test Details -- 

 
 
 
Name:_____________________________ 
 
Test location: WACA Ground, Indoor batting facility 
  Gate 2 (opposite main entrance to Gloucester Park) 
  East Perth 
 
Familiarisation session: 
Date: ______________________________ 
 
Time: ______________________________ 
 
Testing session: 
Date: ______________________________ 
 
Time: ______________________________ 
 
What to wear: 
• Baseball pants 
• Shoes suitable for indoor batting 
 
What to bring: 
• Batting gloves if you normally wear them 
• Your own bat to use during warmup 
 
If you get lost or can’t make it… 
Please call Rochelle Nicholls: 0417-092-766 or 9-380-1385 (w) 
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APPENDIX 3 
 
 

BAT DIMENSIONS FROM CALIPER MEASUREMENTS 
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Wood bat dimensions 
CM FROM 

BAT 
KNOB 

DIAMETER CM FROM 
BAT 

KNOB 

DIAMETER CM FROM 
BAT 

KNOB 

DIAMETER CM FROM 
BAT 

KNOB 

DIAMETER 

0  27 2.55 54 4.54 81 6.5 
0.5  27.5 2.57 54.5 4.6 81.5 6.52 
1  28 2.58 55 4.67 82 6.52 

1.5 3.55 28.5 2.6 55.5 4.72 82.5 6.5 
2 3.4 29 2.62 56 4.8   

2.5 3.25 29.5 2.65 56.5 4.85   
3 3.18 30 2.66 57 4.9   

3.5 3.08 30.5 2.7 57.5 5   
4 3 31 2.7 58 5.08   

4.5 2.95 31.5 2.7 58.5 5.1   
5 2.85 32 2.75 59 5.14   

5.5 2.8 32.5 2.76 59.5 5.2   
6 2.7 33 2.78 60 5.25   

6.5 2.65 33.5 2.8 60.5 5.3   
7 2.6 34 2.85 61 5.34   

7.5 2.57 34.5 2.87 61.5 5.38   
8 2.52 35 2.9 62 5.45   

8.5 2.5 35.5 2.92 62.5 5.5   
9 2.47 36 2.94 63 5.55   

9.5 2.45 36.5 2.98 63.5 5.6   
10 2.4 37 3 64 5.62   

10.5 2.4 37.5 3.02 64.5 5.65   
11 2.38 38 3.07 65 5.7   

11.5 2.36 38.5 3.09 65.5 5.73   
12 2.38 39 3.12 66 5.75   

12.5 2.35 39.5 3.16 66.5 5.8   
13 2.34 40 3.2 67 5.85   

13.5 2.32 40.5 3.22 67.5 5.88   
14 2.3 41 3.26 68 5.92   

14.5 2.3 41.5 3.3 68.5 5.95   
15 2.3 42 3.32 69 6   

15.5 2.32 42.5 3.38 69.5 6   
16 2.3 43 3.42 70 6.02   

16.5 2.3 43.5 3.47 70.5 6.02   
17 2.32 44 3.52 71 6.05   

17.5 2.35 44.5 3.55 71.5 6.08   
18 2.36 45 3.6 72 6.1   

18.5 2.4 45.5 3.68 72.5 6.15   
19 2.4 46 3.72 73 6.18   

19.5 2.4 46.5 3.74 73.5 6.22   
20 2.4 47 3.76 74 6.24   

20.5 2.4 47.5 3.82 74.5 6.27   
21 2.4 48 3.88 75 6.3   

21.5 2.42 48.5 3.92 75.5 6.32   
22 2.42 49 3.98 76 6.35   

22.5 2.46 49.5 4.02 76.5 6.38   
23 2.46 50 4.08 77 6.4   

23.5 2.48 50.5 4.12 77.5 6.4   
24 2.48 51 4.18 78 6.42   

24.5 2.5 51.5 4.22 78.5 6.42   
25 2.5 52 4.3 79 6.44   

25.5 2.52 52.5 4.35 79.5 6.47   
26 2.52 53 4.42 80 6.48   

26.5 2.52 53.5 4.48 80.5 6.5   
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Metal bat dimensions 
CM 

FROM 
BAT 

KNOB 

DIAMETER CM 
FROM 
BAT 

KNOB 

DIAMETER CM 
FROM 
BAT 

KNOB 

DIAMETER CM 
FROM 
BAT 

KNOB 

DIAMETER

0  23.5 2.18 47 4.2 70.5 6.55 
0.5  24 2.2 47.5 4.25 71 6.59 
1 4.85 24.5 2.22 48 4.3 71.5 6.63 

1.5  25 2.22 48.5 4.35 72 6.68 
2 2.3 25.5 2.25 49 4.41 72.5 6.72 

2.5 2.1 26 2.28 49.5 4.46 73 6.75 
3 2.08 26.5 2.3 50 4.52 73.5 6.8 

3.5 2.08 27 2.32 50.5 4.55 74 6.85 
4 2.08 27.5 2.33 51 4.62 74.5 6.9 

4.5 2.08 28 2.37 51.5 4.67 75 6.92 
5 2.08 28.5 2.39 52 4.75 75.5 6.95 

5.5 2.08 29 2.42 52.5 4.79 76 6.93 
6 2.08 29.5 2.42 53 4.82 76.5 6.93 

6.5 2.08 30 2.45 53.5 4.9 77 6.95 
7 2.08 30.5 2.48 54 4.95 77.5 6.95 

7.5 2.08 31 2.52 54.5 5 78 6.97 
8 2.08 31.5 2.55 55 5.05 78.5 6.97 

8.5 2.08 32 2.6 55.5 5.09 79 6.98 
9 2.08 32.5 2.62 56 5.12 79.5 6.98 

9.5 2.08 33 2.68 56.5 5.17 80 6.98 
10 2.08 33.5 2.72 57 5.24 80.5 6.98 

10.5 2.08 34 2.77 57.5 5.29 81 6.96 
11 2.08 34.5 2.8 58 5.33 81.5 6.96 

11.5 2.08 35 2.85 58.5 5.37 82 6.96 
12 2.08 35.5 2.91 59 5.42 82.5 6.9 

12.5 2.08 36 2.95 59.5 5.5   
13 2.08 36.5 3 60 5.52   

13.5 2.08 37 3.08 60.5 5.57   
14 2.08 37.5 3.12 61 5.62   

14.5 2.08 38 3.17 61.5 5.69   
15 2.08 38.5 3.22 62 5.73   

15.5 2.08 39 3.28 62.5 5.8   
16 2.08 39.5 3.33 63 5.85   

16.5 2.08 40 3.38 63.5 5.9   
17 2.08 40.5 3.5 64 5.95   

17.5 2.08 41 3.55 64.5 6   
18 2.08 41.5 3.62 65 6.04   

18.5 2.08 42 3.68 65.5 6.1   
19 2.08 42.5 3.73 66 6.12   

19.5 2.1 43 3.78 66.5 6.18   
20 2.11 43.5 3.82 67 6.2   

20.5 2.12 44 3.88 67.5 6.27   
21 2.12 44.5 3.92 68 6.3   

21.5 2.14 45 4 68.5 6.33   
22 2.14 45.5 4.03 69 6.4   

22.5 2.15 46 4.1 69.5 6.45   
23 2.16 46.5 4.12 70 6.5   
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Metal bat wall thicknesses 
 

SEG 
# 

LENGTH KNOB 
END 

HANDLE 
END 

 (mm) (mm) (mm) 
1  
2 25.5 3.4 3.4 
3 47.8 3.4 3.4 
4 48.8 3.4 3.4 
5 48.2 3.4 3.4 
6 50 3.2 3 
7 51.2 3 2.8 
8 47.2 2.8 2.5 
9 50 2.2 2.2 
10 48.5 2.2 2.2 
11 47 2.2 2.2 
12 50 2.2 2.2 
13 50 2.2 2.5 
14 47.8 2.7 2.9 
15 47.5 3 3.3 
16 48 3.3 3.3 
17 43 3.3 3.3 
18 3.58  3.3 4.6 

 
Knob and cap dimensions 
 

BAT KNOB HEIGHT KNOB MAX DIAMETER KNOB TOP DIAMETER 
WOOD 2 5 4
METAL 1.7 4.85 4.2

  
  

BAT CAP HEIGHT CAP MAX DIAMETER CAP TOP DIAMETER 
WOOD 1.3 6.5 4.3
METAL 1.3 6.8 4.6
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LSDYNA ESTIMATES OF BAT INERTIAL PROPERTIES 
 
WOOD BAT: 
Total volume = 0.14683E-02 
Total mass = 0.87281 
Center of mass: XC = -0.18314 YC = -0.28510 ZC = 0.52626 
 
*** MOMENTS OF INERTIA *** 
Moments of inertia about bat knob   
Ixx  kg.m2  0.356 
Iyy (swing moment) kg.m2 0.329 0.309 
Izz (polar moment) kg.m2 0.032 0.114 
Ixy  kg.m2  -5.05E-02 
Iyz  kg.m2  0.145 
Izx  kg.m2  9.32E-02 
Moments of inertia about CM   
Ixx  kg.m2  4.33E-02 
Iyy kg.m2  3.76E-02 
Izz kg.m2  1.40E-02 
Ixy  kg.m2  -4.89E-03 
Iyz  kg.m2  1.42E-02 
Izx  kg.m2  9.05E-03 
Principal moments of inertia   
Ixx  kg.m2  4.62E-02 
Iyy kg.m2  4.41E-02 
Izz kg.m2  4.59E-03 
 
METAL BAT: 
Total volume = 0.36342E-03 
Total mass = 0.87222 
Center of mass: XC = -0.50590R-01 YC = -0.27888 ZC = 0.47906 
 
*** MOMENTS OF INERTIA *** 
 
Moments of inertia about bat knob   
Ixx  kg.m2  0.336 
Iyy (swing moment) kg.m2 0.269 0.254 
Izz (polar moment) kg.m2 0.057 8.83E-02 
Ixy  kg.m2  -1.35E+00
Iyz  kg.m2  0.128 
Izx  kg.m2  2.32E-02 
Moments of inertia about CM   
Ixx  kg.m2  6.83E-02 
Iyy kg.m2  5.18E-02 
Izz kg.m2  1.82E-02 
Ixy  kg.m2  -1.21E-03
Iyz  kg.m2  1.14E-02 
Izx  kg.m2  2.02E-03 
Principal moments of inertia   
Ixx  kg.m2  6.84E-02 
Iyy kg.m2  5.53E-02 
Izz kg.m2  1.46E-02 
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