
Aerodynamics of the Curve-Ball: An Investigation of the
Effects of Angular Velocity on Baseball Trajectories

By

LEROY  WARD  ALAWAYS
B.S. (California State University, Chico) 1984
M.S. (University of California, Davis) 1987

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Engineering

in the

OFFICE OF GRADUATE STUDIES

of the

UNIVERSITY OF CALIFORNIA

DAVIS

Approved:
Mont Hubbard

____________________________________

C.P. van Dam
____________________________________

Bruce White
____________________________________

Committee in Charge

1998

-i-



-ii-



To Dad

-iii-



CONTENTS

LIST OF ILLUSTRATIONS .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

LIST OF TABLES .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

ACKNOWLEDGMENTS ................................................................ xv

ABBREVIATIONS .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii

ABSTRACT ................................................................................ xix

Chapter

1 BACKGROUND ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Introduction .......................................................... 1

1.2 Motivations for the Curve-ball ..................................... 2

1.3 Previous Work .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1 Curve-ball Facts and Folklore ............................ 4

1.3.2 Aerodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3.2.1 Lift ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3.2.2 Drag .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.3.2.3 Moment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.3.2.4 Closing Comment .............................. 21

1.3.3 Data Acquisition ............................................ 22

1.4 Components of the Problem and Strategy of Investigation . . . . 24

1.5 Equipment and Software Used .................................... 25

2 BASEBALL DYNAMICS .................................................. 26

2.1 General Comments .................................................. 26

2.2 Gravitational Force .................................................. 27

2.3 Aerodynamic Forces ................................................ 28

2.3.1 Lift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3.2 Drag ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

-iv-



CONTENTS (Cont.)

Chapter Page

2.3.3 Cross-Force ................................................. 38

2.4 Aerodynamic Moment .............................................. 39

2.5 Coordinate Systems ................................................. 40

2.5.1 Local Coordinate System .................................. 40

2.5.2 Ball Coordinate System .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.5.3 Wind Coordinate System .................................. 42

2.6 Equations of Motion ................................................ 43

2.6.1 Center-of-Mass Trajectory ................................ 43

2.6.2 Marker Trajectories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3 DATA ACQUISITION ...................................................... 48

3.1 Video Data Acquisition ............................................. 48

3.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2.1 Experiments ................................................. 50

3.2.1.1 Pitchers .......................................... 50

3.2.1.2 Pitching Machine ............................... 50

3.2.2 Data Acquisition Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2.3 Data Acquisition Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2.4 Camera Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.4.1 Pitchers .......................................... 53

3.2.4.2 Pitching Machine ............................... 55

3.2.5 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.5.1 Cube Calibration ............................... 59

3.2.5.2 Wand Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  61

3.2.6 Ball Markers ................................................ 62

-v-



CONTENTS (Cont.)

Chapter Page

3.2.6.1 Pitchers .......................................... 63

3.2.6.2 Pitching Machine ............................... 64

3.3 Experimental Trials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.3.1 Pitchers ...................................................... 65

3.3.2 Pitching Machine ........................................... 66

3.4 Camera Images ...................................................... 66

4 PARAMETER ESTIMATION .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.1 The Estimation Problem ............................................ 70

4.2 Parameter Lists ...................................................... 72

4.2.1 Center-of-Mass Trajectory ................................ 72

4.2.2 Marker Trajectories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 Nonlinear Least-Squares Estimation .............................. 74

4.4 Algorithmic Recipe .................................................. 76

4.5 The Initial Guess .................................................... 76

4.5.1 Center-of-Mass Position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.5.2 Translational Velocity Vector ............................. 77

4.5.3 Orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.5.4 Angular Velocity Vector ................................... 78

4.5.5 Aerodynamic Parameters .................................. 80

4.5.5.1 Drag Coefficient ................................ 80

4.5.5.2 Lift Coefficient ................................. 80

4.5.5.3 Cross-Force Coefficient ....................... 80

4.6 Estimation Accuracy ................................................ 80

4.7 Estimation Robustness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

-vi-



CONTENTS (Cont.)

Chapter Page

4.7.1 Test Descriptions ........................................... 81

4.7.2 Test Results ................................................. 82

4.7.3 Robustness Conclusions .................................. 89

5 RESULTS AND DISCUSSION ........................................... 90

5.1 General Comments .................................................. 90

5.1.1 Curve-ball ................................................... 90

5.1.2 Fastball ...................................................... 91

5.1.3 Knuckleball ................................................. 92

5.1.4 Parameters and Parameter Uncertainties ................. 92

5.1.5 Residuals .................................................... 93

5.2 Pitchers ............................................................... 95

5.2.1 Center-of-Mass Trajectories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96

5.2.1.1 Lift Coefficients ................................ 98

5.2.1.2 Drag Coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3 Pitching Machines ................................................... 99

5.3.1 Marker Trajectories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3.1.1 Trajectories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3.1.2 Lift Coefficients ................................ 104

5.3.1.3 Drag Coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3.1.4 Cross-Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.3.2 Center of Mass Trajectories ............................... 108

5.3.2.1 Comparison of Results ........................ 108

5.3.2.2 Spin Estimates .................................. 109

5.4 Knuckleball .......................................................... 110

-vii-



CONTENTS (Cont.)

Chapter Page

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.5.1 Lift Coefficients ............................................ 112

5.5.2 Drag Coefficients ........................................... 112

5.5.3 Rising Softballs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6 CONCLUSION .............................................................. 114

7 REFERENCES ............................................................... 117

APPENDIX A – PITCH IDENTIFICATION .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

APPENDIX B – PITCHER DATA .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

APPENDIX C – PITCHING MACHINE DATA ..................................... 128

APPENDIX D – KNUCKLE BALL DATA ........................................... 130

-viii-



ILLUSTRATIONS

Illustration Page

1–1 Layout of October 20, 1877 curve ball demonstration. ........................ 6

1–2 Base Ball Curver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1–3 Kinst’s Ball Bat. .................................................................... 8

1–4 Definition of Magnus force with respect to translational and angular
velocity vectors. .................................................................... 12

1–5 Predicted paths of rotating spherical projectiles. ................................ 13

1–6 Maccoll’s lift and drag coefficients for a rotating sphere. . . . . . . . . . . . . . . . . . . . . . 13

1–7 Sikorsky/Lightfoot’s lift versus spin rate data for four- and two-seam
curve balls. Negative values of spin represent counter-clockwise rotation
of the ball. ........................................................................... 15

1–8 Coefficient of drag versus Reynolds number for a non-spinning sphere. ... 18

1–9 Typical experimental results for the drag coefficient of the sphere in the
critical range of Reynolds number. ............................................... 19

2–1 Aerodynamic force components. ................................................. 29

2–2 Coefficient of lift versus spin parameter for spinning spheres at various
values of Reynolds number. ...................................................... 30

2–3 Detailed view of coefficient of lift versus spin parameter for spinning
spheres. .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2–4 Straight-line approximations and the extrapolated lift lines for the
lift coefficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2–5 Drag coefficient versus Reynolds number for spinning golf balls. ........... 37

2–6 Local coordinate system. .......................................................... 41

2–7 Ball coordinate system. ............................................................ 42

2–8 Wind coordinate system. .......................................................... 42

2–9 Definition of simple rotation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3–1 ATEC pitching machine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3–2 MotionAnalysis FALCON camera. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

-ix-



ILLUSTRATIONS (Cont.)

Illustration Page

3–3 Top view of camera layout for the pitcher trials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3–4 Side view of mound camera layout for the pitcher trials. ...................... 54

3–5 Lighting arrangement used in center of mass trajectory measurements. ..... 54

3–6 Top view of camera layout for the pitching machine trials. . . . . . . . . . . . . . . . . . . . 56

3–7 Mound camera layout for pitching machine trials. .............................. 57

3–8 Cube calibration set-up for the home-plate portion of pitcher trails. . . . . . . . . . 59

3–9 Calibration cube for home-plate portion of pitching machine trails. .......... 60

3–10 Calibration apparatus for mound control volume. .............................. 61

3–11 Calibration wand for home-plate control volume. .............................. 61

3–12 Calibration wand for mound control volume. ................................... 62

3–13 Marker location for pitcher trials. ................................................. 63

3–14 Marker locations for pitching machine tests. The ball on the right was
used for the two-seam trials and the ball on left for the four-seam trials. .... 64

3–15 Pitching machine speed control. .................................................. 66

3–16 Representative frame-by-frame video images of a pitching machine trial. ... 67

4–1 Definition of the angular velocity azimuth and elevation angles. . . . . . . . . . . . . . 68

4–2 Definition of marker azimuth and elevation angles. ............................ 69

4–3 Residual standard deviation vs. noise level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4–4 Estimated lift coefficients vs. noise level. ....................................... 85

4–5 Lift coefficient uncertainty vs. noise level. ...................................... 85

4–6 Spin-rate vs. noise level. .......................................................... 86

4–7 Spin-rate uncertainty vs. noise level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4–8 Drag coefficient vs. noise level. .................................................. 87

4–9 Drag coefficient uncertainties vs. noise level. ................................... 87

-x-



ILLUSTRATIONS (Cont.)

Illustration Page

4–10 Position uncertainties vs. noise level. ............................................ 88

4–11 Velocity uncertainties vs. noise level. ............................................ 88

5–1 Simulated curve-ball trajectory. ................................................... 91

5–2 Simulated fastball trajectory. ...................................................... 92

5–3 Marker residuals for pitch P2S22. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5–4 Trajectory residuals for pitch P2S22. ............................................ 94

5–5 Trajectory residuals for pitch T6. ................................................. 95

5–6 Pitch T6 trajectory. ................................................................. 96

5–7 Pitch T33 trajectory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5–8 Trajectory residuals for pitch T33. ............................................... 97

5–9 Lift coefficient versus Reynolds number for pitcher trials. .................... 98

5–10 Drag coefficient versus Reynolds number for pitcher trials. .................. 99

5–11 Measured and estimated x- marker positions for pitch P2S22. ............... 101

5–12 Measured and estimated y- marker positions for pitch P2S22. ............... 102

5–13 Measured and estimated z- marker positions for pitch P2S22. . . . . . . . . . . . . . . . 102

5–14 Pitch P2S22 trajectory. ............................................................ 103

5–15 Pitch P4S22 trajectory. ............................................................ 103

5–16 Trajectory residuals for pitch P4S22. ............................................ 104

5–17 Estimated lift coefficients for the pitching machine trials. ..................... 105

5–18 Comparison of baseball lift coefficients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5–19 Drag coefficient versus Reynolds number for pitching machine trials........ 106

5–20 Pitch P2S30 trajectory. ............................................................ 110

5–21 Trajectory residuals for pitch P2S30. ............................................ 111

-xi-



ILLUSTRATIONS (Cont.)

Illustration Page

5–22 Estimated drag coefficients versus Reynolds number. ......................... 113

6–1 Comparison of baseball lift coefficients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6–2 Baseball, golf-ball and smooth sphere drag coefficients versus
Reynolds number. .................................................................. 115

-xii-



TABLES

Table Page

2–1 Acceleration due to gravity for sea level at various latitudes. . . . . . . . . . . . . . . . . . 28

2–2 Representative speeds for various balls used in sports, and calculated
values of Reynolds number and ratio “D/g” of aerodynamic drag force
to gravitational force. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3–1 Camera locations and lens type for the pitcher trials. . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3–2 Camera locations and lens type for pitching machine trials. ................... 57

3–3 Marker azimuth and elevations angles for the two-seam pitching
machine trails in the ball coordinate frame. ...................................... 64

3–4 Marker azimuth and elevations angles for the four-seam pitching
machine trials in the ball coordinate frame. ...................................... 65

4–1 Initial conditions used in testing. ................................................. 82

4–2 Standard deviations and number of frames used for robustness studies. .... 82

4–3 Final parameter estimations of robustness studies. ............................. 83

5–1 Initial conditions and aerodynamic parameters used for the simulated
trajectory in figure 5–1. ............................................................ 90

5–2 Initial conditions and aerodynamic parameters used for the simulated
trajectory in figure 5–2. ............................................................ 91

5–3 Estimated translational and angular velocities for the pitcher trials. .......... 95

5–4 Estimated parameters for pitches T6 and T33. .................................. 96

5–5 Estimated parameters for pitches P2S22 and P4S22. .......................... 101

5–6 Estimated cross-force, lift and drag magnitudes. ............................... 107

5–7 Estimated parameters for pitches P2S22 and P4S22. .......................... 108

5–8 Spin-rate estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5–9 Knuckleball estimated parameters. ............................................... 111

5–10 Estimated cross-force, lift and drag magnitudes for knuckleball pitches. . . . 112

A–1 Pitch type and comments for pitcher, T. ......................................... 121

-xiii-



TABLES (Cont.)

Table Page

A–2 Pitch number, wheel speeds and pitch type for two-seam pitching
machine trials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

A–3 Pitch number, wheel speeds and pitch type for four-seam pitching
machine trials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

B–1 Center-of-mass trajectory data for pitch T6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

B–2 Center-of-mass trajectory data for pitch T30. ................................... 126

C–1 Center-of-mass trajectory data for pitch P2S22. ................................ 128

C–2 Center-of-mass trajectory data for pitch P4S22. ................................ 129

D–1 Center-of-mass trajectory data for pitch P2S30. ................................ 130

D–2 Center-of-mass trajectory data for pitch P4S1. ................................. 131

-xiv-



ACKNOWLEDGMENTS

I would like to thank my major advisor, Professor Mont Hubbard, dissertation committee

members, Professors Bruce White and Case Van Dam, and the supporting staff in the

mechanical, civil, and agricultural engineering departments at the University of California,

Davis campus for all their help and support over the years, and I also would like to thank

the following people and organizations for the support and expertise that made this

dissertation not only possible but also lot of fun in the process:

Dennis Hefling at Rawling Sporting Goods Company for supplying Major League

baseballs and technical information on the construction of the ball; Jim Gates, librarian at

the National Baseball Hall of Fame and Museum, for all the great information and leads on

the history of the curve in baseball; John Whitehead and Lawrence Livermore National

Laboratory for the loan of a three-dimensional MotionAnalysis system for my preliminary

investigation and for the great information on how to obtain patent files; Tom Whitaker, Pat

Miller and John Greaves at MotionAnalysis Corporation for the use of their ten camera

HiRes Motion Analysis system, their 240 Hz. VCR and the lab space when I realized I

needed more power and room; Igor I. Sikorsky, Jr., Ralph Lightfoot and the folks at the

Sikorsky Archives for helping me obtain the Sikorsky lift data on spinning baseballs;

Professors Neil Schwertman and Gene Meyer at California State University, Chico for all

the great statistics help; Major League hopeful, Anthony “Tony” Dellamano for pitching

and his roommate, Tim Sloan, for catching; UC Davis head baseball coach, Phil Swimley,

and his staff for all their support in supplying pitchers, pitching machines and technical

advice whenever I asked; Antonia Tsobanoudis and Lisa Schultz for their help in building

the calibration device and determining the detailed mass properties of baseballs; Terry

Evans and Paul Hopper for the loan of equipment and the extra muscle during my

experiments; my friends and family for supporting me over the last five years, in particular,

-xv-



ACKNOWLEDGMENTS (Cont.)

Cara “Kybelle” Barker for being such a great friend whenever I needed one (like right now)

and Mogie for all the dog kisses, the long white hairs on my notes and the look of “is it

time to throw a ball”; and last, my laboratory mates, especially Sean Mish and Mike

Hendry, for supplying the extra hands, advice and the throwing arms when I couldn’t do it

all myself.

I would especially like to thank UC Davis Professor Emeritus John Brewer and Professors

Fidelis Eke and Mel Ramey for being on my qualification exam committee, for the great

debates in baseball and softball, for their faith in me and always for the encouragement

along the way. I wouldn’t have gone this far without it.

I end this by saying, this was my project and because of all the people mentioned above

and many more along the way — I finished it and it feels good!

-xvi-



ABBREVIATIONS

The following is a list of abbreviations and symbols used throughout this dissertation. In

general, bold face are used to denote vectors, italics are used to denote scalars or vector

magnitude, and though not listed below the use of subscripts x, y, and z denote vector

components in those directions.

A Cross-sectional area; (6.446 in2 [41.59 cm2] for Major League baseballs).

CD Coefficient of drag; (non-dimensional).

CL Coefficient of lift; (non-dimensional).

CY Coefficient of cross-force; (non-dimensional).

D Drag component of aerodynamic force; (N).

D Magnitude of drag component of aerodynamic force; (N).

d Diameter of the ball; (2.864 inches [7.26 cm] for Major League baseballs).

F Total force vector acting on the ball; F = FA + FG. (N).

FA Aerodynamic force acting on the ball; FA = L + D + Y (N).

FG Force due to gravity; (N).

G Center of mass of the ball; (m).

g Gravitational field strength; (m/s2).

HG Angular momentum with respect to the center of mass of the ball; (kg-m2/s).

IG Inertia with respect to the center of mass of the ball; (kg-m2).

k Proportionality constant for lift coefficient. (non-dimensional).

L Lift component of aerodynamic force; (N).

L Magnitude of lift component of aerodynamic force; (N).

MG Aerodynamic moment with respect to the center of mass of the ball; (N-m).

n.d. No date.

P Linear momentum; (kg-m/s).

Re Reynolds number; (non-dimensional).
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ABBREVIATIONS (Cont.)

r Radius of the ball; (1.432 inches [3.63 cm] for Major League baseballs).

S Spin parameter; S = U /V  (non-dimensional).

SRD Spin Rate Decay parameter; (non-dimensional).

t Time; (sec).

U Tangential velocity of the ball (r



ABSTRACT

In this dissertation the aerodynamic force and initial conditions of pitched baseballs

are estimated from high-speed video data. Fifteen parameters are estimated including the lift

coefficient, drag coefficient and the angular velocity vector using a parameter estimation

technique that minimizes the residual error between measured and estimated trajectories of

markers on the ball’s surface and the center of mass of pitched baseballs. Studies are

carried out using trajectory data acquired from human pitchers and, in a more controlled

environment, with a pitching machine. In all 58 pitch trajectories from human pitchers and

20 pitching machine pitches with spin information are analyzed. In the pitching machine

trials four markers on the ball are tracked over the first 4 ft (1.22 m) and the center of mass

of the ball is tracked over the last 13 ft (3.96 m) of flight.

The estimated lift coefficients are compared to previous measured lift coefficients of

Sikorsky (Alaways & Lightfoot, 1998) and Watts & Ferrer (1987) and show that

significant differences exists in the lift coefficients of two- and four-seam curve balls at

lower values of spin parameter, S . As S  increased the two- and four-seam lift coefficients

merge becoming statistically insignificant. The estimated drag coefficients are compared to

drag coefficients of smooth spheres and golf-balls and show that these data sets bound the

drag-coefficient of the baseball. Finally, it is shown that asymmetries of the ball associated

with the knuckleball can influence the trajectory of the more common curve and fastball.
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