Optimal baseball swing parameters for three levels of play

A. Chase* and C. Ray
Department of Physics, Saint Mary’s College of California,
Moraga, California 94575

M. Hubbard
Department of Mechanical and Aeronautical Engineering,
University of California, Davis, California 95616

(Dated: February 2, 2008)

This investigation adapts a previous model to examine optimal swing parameters resulting in
maximum range at three levels of baseball play: Little League, high school, and college. The two
parameters optimized describe the bat’s path to the ball: E, the undercut distance between the
center of the bat and ball; and v, the undercut angle. The purpose of this optimization is to
determine what values of £ and ¥ will result in maximum range for each play level.

A mathematical model, written in MATLAB, was used to determine the optimal values for E and
1. The model consists of three major components: a flight analysis of the ball, an impact analysis
between the bat and ball, and an optimization scheme. The flight analysis integrates the differential
equation governing the ball and accounts for drag, lift, and gravity. It is used to analyze the flights of
the pitched and batted ball. The impact analysis uses rigid body dynamics to determine the initial
conditions of the batted ball given the pitched ball’s release velocity, release angle, and angular
velocity. A predefined MATLAB function determines the maximum range and then returns the
corresponding E and 1) values. This method is repeated six times using two pitch speeds for each
play level’s set of parameters. Result show that both E and v increase as play level increases. Thus
Little League players should use a larger undercut and swing up on the ball more than high school

and college level players.

PACS numbers: 45.40.Aa/47.85.Gj

I. INTRODUCTION

Hitting home runs in baseball is a key factor to the
sport: it provides a guaranteed run for the team, excite-
ment for the fans, and bragging rights for the individual.
Thus, it is natural that athletes and coaches alike are
constantly striving to improve performance, whether at
a recreational or professional level. This paper uses me-
chanics to investigate a particular baseball skill: hitting
a pitched baseball as far as possible.

Several previous papers analyze various aspects of
baseball. Typically, the problem of the batted ball has
been broken into two parts: impact analysis and flight
analysis. Historically, the flight of a baseball was investi-
gated first by Briggs® who answered the question,“Does
a curveball really curve?” Briggs dropped balls spinning
about a vertical axis through a horizontal wind tun-
nel and measured the resulting lateral deflection. The
amount of deflection is proportional to ball spin and rel-
ative velocity squared:
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where p is the air density, A = nr is the frontal area of
the ball, and V. is the relative wind velocity, equal to the
difference between the wind velocity and the ball veloc-
ity. The lift coefficient, Cp,, is a dimensionless quantity

determined experimentally. Data from the work of Watts
and Ferrer'®, and Alaways and Hubbard? show that C7,
is a function of the spin parameter, S:
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where 7y is the radius of the ball. .
The drag force, D, is also a strong function of V.:
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where Cp, known as the drag coefficient, is also
a measured dimensionless quantity. Experiments by
Achenbach! showed that Cp is dependent on the
Reynolds number (Re) of the substance the ball is trav-
eling through and the roughness of the sphere. Reynolds
number is defined as the ratio of inertial forces to vis-
cous forces and characterizes the airflow as either laminar
(smooth) or turbulent (chaotic). It is given by:
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v

where v is the kinematic viscosity of air. Achenbach also
noticed that there was a critical Re where the drag coef-
ficient dramatically decreased in magnitude. This prop-
erty, known as the drag crisis, occurs when the airflow
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FIG. 1: The kinematic properties of the bat - ball collision.
1 is the angle between the bat velocity vector, o and the
horizontal. FE is the vertical distance between the centers
of the bat and ball. ~ is the pitch arrival angle and § is
the launch angle, both measured from the horizontal. vy,
and vpo are the batted and pitched ball velocities respectively.
Wpo,s show both the pitched and batted angular velocities as
positive counter-clockwise. Wgo is the angular bat velocity.

switches from laminar to turbulent flow. Frolich? sug-
gested that it likely occurs at speeds typical of pitched
or batted baseballs. Thus the magnitude of the drag force
changes significantly during the flight of the ball.

Thus the drag and lift forces must be accounted for
to accurately simulate the flight of a ball. Furthermore,
both the dimensionless coefficients the lift and drag force
depend on are functions of dynamic variables. Thus both
force are constantly changing and must be calculated dy-
namically. Sawicki” et al. used these relations to their
dynamic flight analysis model of the batted ball.

Several groups have also studied the impact between
the bat and baseball. Rex® along with Watts and Baroni®
have created models that examine the initial bat-ball col-
lision and flight of the ball to predict its trajectory. Saw-
icki et al. improved the process by using a more com-
plex impact analysis based on a planar rigid-body im-
pact methodology and a dynamic flight analysis. Their
method also allows the direct calculation of the optimal
parameters for maximum range given the initial condi-
tions of the problem. Thus, given the velocity vector of
the bat, spin of the bat, velocity vector of the pitched
ball, and spin of the pitched ball, an optimal swing strat-
egy can be found. The bat’s path to the ball is quantified
by defining two parameters: E, the vertical distance be-
tween the center of the bat and ball, and 1, the angle
between the horizontal and the velocity vector of the bat
(Figure 1).

Sawicki” et al. studied only professional players and
equipment parameters and found that there is an opti-
mal strategy for achieving maximum range that depends
on pitch type. For a typical fastball and bat velocity of
67mph, the batter should undercut the ball by 2.65 cm
and swing upward at an angle of 9.13 degrees. Further-
more, because of the importance of spin-induced lift on
the range of a ball, an optimally hit curveball will travel
farther than an optimally hit fastball.

This investigation adapts the model of Sawicki et al. to
examine changes in the optimal batting strategy for three
levels of play: Little League, high school, and college. For
example, Little League players use lighter bats, swing
slower, and face slower pitched ball speeds than Major
League players do.Thus it is logical that Little League
players should swing differently than Major League play-
ers do. We identify which batting parameters are depen-
dent on play level, quantify them, and find the optimum
batting strategies for each play level.

II. METHODS AND CALCULATIONS
A. Parameters

The bat is the most significant equipment difference
between professional and amateur baseball play. Ama-
teur players use aluminum bats which have a different
coefficient of friction and axial and transverse radii of
gyration than wooden bats. Furthermore, the size of the
bat and its swing velocity vary significantly depending
upon the level of amateur play. The different bat prop-
erties used in this investigation are shown in Table I.

Conveniently, the balls used in amateur and profes-
sional baseball are the same. Therefore, the only vari-
ables that vary with play level are the ball’s kinematic
properties: pitch velocity, angular velocity, and arrival
angle (Table II). Because there are many different types
of pitches, this study only examines fastballs to narrow
its scope for comparison purposes. It is also unlikely that
many Little League players possess the skill required to
throw other pitches.

In summary, both bat and ball have two types of prop-
erties that describe them dictated by equipment and play
level: ball mass, ball radius of gyration, bat mass, trans-
verse bat radius of gyration, longitudinal bat radius of
gyration, bat length, bat barrel radius, position of the
center of mass, and finally the coefficient of friction be-
tween the ball-bat. Secondly, there are the variables that
describe the kinematic properties of the bat and ball that
were estimated according to play level: pitched ball veloc-
ity U0, angular velocity Wy, arrival angle 7, bat velocity
UBo, angular velocity dpg, swing angle v, and undercut
distance E. The purpose of this investigation is to deter-
mine how the above variables and parameters affect the
optimal swing strategy.

Figure 1 defines the kinematic properties of the bat
and ball. Note that topspin is positive in this coordinate
system. Thus a fastball, which has backspin, has a neg-
ative angular velocity as seen in Table II. Furthermore,
the properties given in these tables are typical; meaning
an average player of these levels would use/experience
these values. Thus, experimental methods and research
were required to determine the values given in Tables I
and II.



TABLE I: Bat Properties

Play Level Pro. College H.S. L.L.
Material Wood Aluminum Aluminum Aluminum
Length (m) 0.813 0.883 0.785 0.732
Barrel radius (m) 0.0350 0.0332 0.0284 0.0280
Mass (kg) 0.9000 0.8843 0.6405 0.5028
Transverse moment of inertia (kg - m?) 0.05490 0.06602 0.03792 0.03080
Axial moment of inertia (kg - m?) 5.512e-5 9.747e-4 5.166e-4 3.942e-4
Coeflicient of friction 0.50 0.35 0.35 0.35

TABLE II: Ball Properties

Play Level Pro. College College H.S. H.S. L.L. L.L.
Pitch velocity, veo (mph) 94 90 80 70 60 50 40
Pitch angular velocity, wyo (rad/s) -200 -191 -170 -149 -128 -106 -85
Pitch angle, v (rad) 0.1556 0.1251 0.1353 0.1478 0.1666 0.1930 0.2591
B. Measurements 0.080 . . | . . | .
The impact analysis of Sawicki et al. uses Stronge’s® < 0073} -
planar rigid-body impact methodology. As summarized E
by Sawicki et al., it is assumed that the ball makes con- £ 0.067 | (0.884, 0.066) ®7
tact with the sweet spot, or center of percussion of the «©
bat following the work of Nathan®. This ensures that g 0060 m
the energy lost due to vibration is minimized and that -TE
there is no impulsive reaction with the batter’s hands. g 0.053 - 7
Because the impact does not occur at the center of mass GEJ
of the bat, the effective inertia of the bat at impact must s 0047} 7
be calculated. Sawicki et al. did this by calculating the % (0.645, 0.038)
. » 0.040 |- —
effective mass of the bat: S .
2 (0.503, 0.031)
) = 0.033 | . e
My _ (1 T _> 5 -
P 2 () 0.027
where Mp is the effective bat mass, M is the actual bat 0-028.40 0.27 O.I53 O.‘ISO O.;57 O.I73 O.I80 O.I87

mass, z is the axial distance between the impact point
and center of mass, and kg is the centroidal transverse
radius of gyration.

To determine the effective mass of the bat, the trans-
verse moments of inertia of the three bats were indirectly
measured experimentally by treating the bat as a com-
pound pendulum and measuring it’s period of oscillation.
The moment of inertia about the knob of the bat is given
by:

MpgremT?
—= 6
4772 ( )

where g is the acceleration of gravity, r the radius of the
bat about the center of mass, and T is the period. Using
the parallel axis theorem, the moment of inertia about
the center of mass is:

Iknob =
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FIG. 2: The transverse moment of inertia for a typical bat of
each level of play: Little League, high school, and college. As
mass increases, so does the transverse moment of inertia.

which is related to the radius of gyration:
I = mk% (8)

To determine the period of each bat, the bat’s knob
was held in a string cradle so that the bat hung verti-
cally and oscillated about its end. The period of small
oscillations was measured using a photogate. Three tri-
als were carried out for each bat. In each trial, the bat
was allowed to complete 14 periods which were averaged
to limit uncertainty. Figure 2 shows that the transverse
moment of inertia increases as bat mass increase.

Following the method of Sawicki et al., the bats were



assumed to be hollow, thin-walled cylinders. An object
with this shape has an axial moment of inertia of:

I =mr? (9)

Next, the kinematic properties of the bat and ball were
determined (Table IT). Recall that the purpose of this in-
vestigation is to see how E and 1 change, as a function
of bat velocity, as a player faces different pitch velocities.
A range of swing speeds from 20 mph to 120 mph was
used for each different level of play so that results from
each trial could be examined on a common axis. Note
that although the same range of bat speeds was used in
the calculations for each play level, we emphasize that
the younger players are not able to achieve such high bat
speeds. The bat angular velocity was assumed to be zero
at impact. Sawicki et al. determined pitch linear veloc-
ity, angular velocity, and pitch angle from experimental
data collected at the 1996 Atlanta Olympics (Ref. 2).
Unfortunately, no such data exists for Little League or
high school level players. Thus, the linear velocities for
each level were approximated by using two typical fast-
ball pitch speeds for each level of play. The pitched ball
angular velocity was assumed to be proportional to the
linear velocity. This proportionality constant was taken
from the experimental data reported in Sawicki et al.

C. Computational Methods

The algorithm used two main calculations components
to calculate the E and 1 that resulted in the maximum
range. The flight analysis integrates the equation of mo-
tion describing the forces acting on the ball in flight:
gravity, drag, and lift. Because the lift and drag forces
are dependent on the velocity of the ball (Eq. (1) and
(3)), which is changing because of these forces, the dif-
ferential equation of motion was integrated numerically
using the pre-defined MATLAB function ‘odel5s’. The
impact analysis uses Stronge’s planar rigid-body impact
methodology and terminology. It accounts for both the
translational and rotational motion in order to determine
the batted ball’s velocity, angular velocity, and launch
angle. The coeffecient of restitution of the ball is also
assumed to be a function of the linear ball velocity. The
algorithm consisted of these two components along with
an optimization routine.

The program was run six times, using two different
pitch speeds for each level of play. First, the flight anal-
ysis was used to calculate the arrival angle of the pitched
ball given the ball’s release height, release velocity, and
the center of the strike zone. The heights were estimated
by using the average player height of the age group from
the Center for Disease Control. The kinematic properties
of the ball at home plate were used in the impact anal-
ysis which returned the batted ball’s linear and angular
velocities and launch angle. The flight analysis was used
again, this time to return the range using the batted
ball’s initial conditions.The MATLAB defined function
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FIG. 3: Shows range as a function of bat velocity. As intuition
suggests, the faster one swings, the farther the ball travels.
The grouping of the curves suggests that bat mass affects
range more than pitch velocity.

‘fminsearch’ was used to determine the optimal values
of F and . This function requires an initial value for
E and v must be given carryout the initial range calcu-
lation. A script was written in order to carry out this
entire process for 40 different swing velocities and create
plots of the results.

III. RESULTS AND DISCUSSION

Range as a function of swing speed is plotted in Figure
3. It is not surprising that range increases as swing speed
increases: the faster one swings the bat, the larger the
exit velocity of the ball and the farther the ball will travel.
The mass of the bat also plays a significant role in the
resulting range of the ball. There is little difference in
ranges for different pitch speeds at the same level of play.
For example, a college level player does not hit the ball
much farther when facing a 90 mph pitcher versus an 80
mph pitcher. However, there is a significant difference in
range between different levels of play. Recall, the main
difference between play levels is the size of the bat used.
Thus, heavier bats result in higher exit velocity, and thus
larger ranges, for the same swing speed.

Similarly, Figure 4 demonstrates that batted ball an-
gular velocity tends to increase as swing speed increases.
Unlike the batted ball range, the angular velocity does
depend on the initial pitch conditions. The curves are
not grouped in pairs as before. This indicates that bat
size, initial pitch angular velocity, and swing speed all
affect the exit ball angular velocity.
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FIG. 4: Note The boundaries of results in Figures 4-6,
correspond to the two pitch velocities used at each play
level.Batted ball angular velocity as a function of bat veloc-
ity. As in Figure 3, angular velocity increases as swing speed
increases.

Another interesting result seen in Figure 4 is that the
batted ball angular velocities found in Sawicki et al.’s”
study are less than the angular velocities of college level
players. Because Major League players face higher pitch
velocities, one would expect them to produce higher exit
ball angular velocities. However, Major League players
use wooden bats which have a significantly smaller ax-
ial moment of inertia. Recall that an aluminum bat’s
axial moment of inertia is equal to the mass times ra-
dius squared while wooden bats have a moment of inertia
equal to one half its mass times radius. Thus aluminum
bats are to able to create more angular velocity when
they hit the ball.

This result could explain why college level players are
able hit the ball slightly farther than Major League play-
ers even though Major League players face faster pitch
speeds. Because college level players can hit balls with
higher angular velocities, their balls have more lift force.
Thus they remain in the air longer and can travel farther.
This is also illustrated in Figure 3.

Figures 5 and 6 show the optimal batting strategy,
i.e.the optimum undercut angle, v, and undercut dis-
tance, F respectively. From Figure 5, it is clear that as
players face faster pitch speeds and use heavier bats, they
must swing with a smaller upward angle than lower level
players. From the opposite perspective, Little League
level players must swing up on the ball more than Major
League players. This is consistent with Figure 6 which
shows that as pitch velocity and bat weight increase, the
undercut distance becomes smaller. The shapes of the
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FIG. 5: Optimal bat swing angle versus bat velocity. As
bat velocity and play level increase, ¥ decreases. Thus Little
League level players should swing with a larger upward angle
than their older counterparts.

curves in both Figure 5 and 6 are difficult to classify. It
is important to keep in mind that there are three input
variables and two parameters that are being optimized
in this study. Thus it is difficult to attribute bumps in
the graph to one variable or another.

IV. CONCLUSIONS

The purpose of this study was to determine how opti-
mum swing strategies change for different levels of play.
The results presented show the following:

1. There is always an optimal strategy for achieving
maximum range. At a given bat speed, there is a specific
E and ¢ with which the bat should approach the ball.

2. There is a significant difference in the optimal
strategies for different levels of play. Generally, as players
move up in levels of play, the optimal ¥ and E values de-
crease. For example, Little League players should swing
up on the ball more than a high school level player.

3. This study has not found a single optimal strategy
for being a successful home run hitter. Different teams,
coaches, and players all have different perspectives as to
what a hitter should accomplish. Furthermore, this in-
vestigation assumed that the player has the ability to
choose where contact between the bat and ball occurs.
This is not within the ability of all players.

This investigation also revealed that the axial moment
of inertia of the bat plays a significant role in batted ball
range. Bat construction, which significantly affects the
axial moment of inertia, varies significantly between col-



1.4

12 2 -

1.1F
Sawicki et al (Pro.)

E (Inches)

09}

0.8 |-

0.7 1 | 1 1 1 | 1 1 1
20 30 40 50 60 70 80 90 100 110 120

Bat Velocity (mph)

FIG. 6: Optimal undercut distance as a function of bat veloc-
ity. Similarly, F also decreases as bat velocity and play level
increase. Thus Little League level players should swing with
a larger offset between the center of the ball and bat than
their older counterparts.

lege and Major League levels of play. We have initiated
further studies to determine the effect of the axial mo-
ment of inertia of the bat.

As discussed earlier, the main differences between dif-
ferent levels of play in baseball are the bat and dynamic
properties of the ball. Thus this investigation only mod-
ified the bat and dynamic ball properties. It would be
interesting to see how the results would change for the
sport, of softball because of the larger ball and under-
hand pitch delivery. Many softball coaches have played
baseball and take the strategies from one game to next.
However, due to the differences enumerated, it is likely
that the optimal swing strategies of baseball and softball
are not the same.

* Electronic address: achase@stmarys-ca.edu

1 E. Achenbach. The effects of surface roughness and tunnel

blockage on the flow past spheres. J. Fluid Mech., 65:113—

125, 1974.

L. Alaways and M. Hubbard. Experimental determination

of baseball spin and lift. J. Sports Sci., 19:349-358, 2001.

L. Briggs. Effect of spin and speed on the lateral deflection

(curve) of a baseball; and the magnus effect for smooth

spheres. Am. J. Phys., 27:589-596, 1959.

C. Frolich. Aerodynamic drag crisis and its possible effect

on the flight of baseballs. Am. J. Phys., 52:325-334, 1985.

> A. M. Nathan. Dynamics of the baseball-bat collision. Am.
J. Phys., 68:979-990, 2000.

6 A. Rex. The effect of spin on the flight of batted baseballs.

Am. J. Phys., 53:1073-1075, 1985.

" G. Sawicki, M. Hubbard, and W. Stronge. How to hit home
runs: Optimum baseball swing parameters for maximum
range trajectories. Am. J. Phys., 71:1152-1162, 2003.

8 W. J. Stronge. Impact Mechanics. Cambridge U.P., Cam-
brdge, UK,, 2000.

9 R. Watts and S. Baroni. Baseball-bat collisions and the

resulting trajectories of spinning balls. Am. J. Phys., 57:

40-45, 1989.

R. G. Watts and R. Ferrer. The lateral force on a spinning

sphere: Aerodynamics of a curve ball. Am. J. Phys., 55:

40-44, 1987.

10



