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Abstract
In the game of baseball, large amounts of energy are transferred during a collision
between bat and ball. When a batter makes contact with a ball in the middle of the
bat’s barrel, known as the "sweet spot," a maximum amount of energy is transferred
to the ball. However, when contact is made outside of the sweet spot, energy
is dissipated through vibrations in the bat, which causes an unpleasant stinging
sensation in a player’s hands. For years, bat manufacturers have tried to find the
balance of reducing vibration to eliminate this sting while still allowing enough
vibration for a player to know when contact with the sweet spot is made. This
balance is a large part of how a bat feels to a player. The research presented in this
thesis investigates causes of sting from a bat and ball collision and examines ways
sting can be measured. Damping rates of a selection of over 60 baseball and softball
bats are tested experimentally to determine which materials and external methods
used by manufacturers are most efficient in reducing vibrations. Ultimately, a group
of players with an average 15 years experience will compare bats with different
damping methods in practice and give feedback on what they "feel."
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Chapter 1 |
Introduction
While the argument over its origins may never be settled, the game of baseball’s
prominence has lasted over two centuries. What had begun as a recreational
children’s game in the early 1800s has progressed into one of the most popular
sports of today. Starting with Little League, the largest organized youth sporting
organization in the world [1], kids of all ages are brought together playing baseball.
Popularity is just as high at the high school and collegiate levels, where players
strive to take the next step and play professionally. Major League Baseball is
the largest and most popular professional baseball league, bringing in a revenue
of over 9 billion dollars annually [2]. While the MLB itself is a business, other
industries have also taken advantage of this astounding popularity in both amateur
and professional baseball in order to make a profit. Companies nowadays are willing
to invest in the development of premium pieces of baseball equipment, knowing the
market for these products is vast.

1.1 Evolution of Non-Wood Baseball Bats
The most technological piece of equipment in baseball is the baseball bat. Customarily, bats at the professional level are made out of wood, while bats at the
amateur level are made out of metals or composite materials. Throughout the
history of the game, players have continuously searched for a bat that would enable
them to hit balls the hardest, or, more scientifically, with the highest velocity after
impact. In 1924, the first patent was issued for a metal baseball bat, though it
took until the 1970s for metal bats to be produced in mass quantities [3]. These
bats, originally made out of aluminum alloys, offered a more durable alternative to
1

wood bats. Since they did not break as easily, aluminum bats became popular as
they decreased the cost of playing the game, as bats did not need to be replaced as
often [4]. While very little quantitative research was done on metal bat performance
capabilities during the 1970s, it was initially believed that there was no advantage
to using metal rather than wood bats other than durability. However, technological
advancements during this era led to stronger and lighter metal alloys in general,
which meant that manufacturers could make thinner walled bats that were still
incredibly durable. Consequentially, the newer models began to heavily outperform
their wooden bat alternatives, meaning that players could hit the ball further,
harder, and more often than before by using an aluminum bat [4]. Because of this,
and the MLB’s value of tradition, metal bats were never allowed to be used by
professionals; however they were immediately taken up by youth and collegiate
leagues [5].
To compare the performance of wood and aluminum bats, we will first think
about the act of hitting a ball with a bat, which is an imperfect elastic collision [6].
As with any real world elastic collision, when two objects meet, their momentums
and energies are not perfectly conserved. The amount of energy that is conserved
is dependent upon the objects that are colliding. When a bat and baseball meet,
both materials deform initially. Wood bats are simply a solid piece of lumber that
had been shaped into a bat. This solidity inhibits the wood’s ability to deform,
causing the ball to undergo most of the deformation. This ball deformation results
in internal friction that leads to a loss of energy in the ball when it leaves the bat,
and consequently a slower exit speed. On the other hand, metal baseball bats are
hollow. The thin walls of non-wood baseball bats elastically deform at contact,
therefore taking some of the deformation in the collision between bat and ball. This
effect is known as the "trampoline effect" and it allows baseballs to retain more of
their initial energies by undergoing less deformation, and therefore leaving the bat
with higher exit velocity [7,8]. The ratio of post-impact kinetic energy to pre-impact
kinetic energy of objects in a collision is called the coefficient of restitution. This
value has become a key criterion of measurement of bat performance.

2

Once bat manufacturers discovered the effectiveness of the trampoline effect,
metal bat performance took off. By the mid 1980s, aluminum alloy baseball
bats were becoming so powerful that the National Collegiate Athletic Association
(NCAA) began to regulate bat performance [5]. Originally, the NCAA placed
a lower limit on bat weight, which slowed the increase of bat performance for
a couple years, but not significantly. Companies continued experimenting with
different alloys containing magnesium, zinc, and titanium, and heat-treating bats
to find the right mix of strength and elasticity [9]. By the 1998 season, teams were
hitting home runs and a rate of 1.06 home runs per game - a 150% increase in the
number of home runs per game since 1972, the season before aluminum bats were
introduced [10]. While the increase in ball exit velocity brought more scoring and
therefore more entertainment - Southern California beat Arizona State 21-14 to
win the 1998 College World Series - it did come with a cost. The integrity of the
game was in question as baseball was not intended to be this high scoring. Also, as
scoring went up, so did injuries to players and spectators. Balls were coming off
bats so quickly that people did not have time to react, increasing risk of injury to
all. This prompted the NCAA and baseball’s other governing bodies to implement
regulations on the maximum performance of baseball bats [5].
In 1999, the NCAA conducted a series of laboratory tests to determine a way
of measuring bat efficiency. By using a machine to pitch balls at a constant speed
and a second machine to swing at a constant speed, and then measuring the speed
of the ball after impact, the NCAA came up a term called the Ball Exit Speed
Ratio (BESR) [11]:
BESR =

Exit V elocity of Ball
V elocity of P itch + V elocity of Bat

(1.1)

The NCAA first looked at professional grade wood bats. By setting a constant
pitch speed at 70 mph and bat speed at 66 mph, the NCAA observed that MLB
wooden bats exhibited ball exit speeds of 97 mph, or a BESR of 0.728 [8]. The
NCAA took this BESR value and set it as the maximum value allowed for any
metal alloy bat that could be used in college games, and the National Federation of
High School Sports followed the same guidelines. This immediately rendered many
current bats illegal at the time, causing companies to develop new, less productive
bats for the season.
3

Manufactures aimed to develop bats that would perform to the maximum
standard as much as possible, and this led to the rise of composite baseball
bats. Companies explored different material options and found that implementing
carbon fibers into bats had many advantages. First, these composite materials are
anisotropic, meaning that the mechanical properties vary based on the direction
in which the material is oriented [12]. In a metal bat, the only way to vary the
trampoline effect was by changing the wall thickness of the bat, which at a certain
point would hinder mechanical strength. However, with composite bats, companies
had more precise control over their performance, and therefore were able to develop
bats that performed right up to the maximum standard [8, 13].
As the popularity of composite bats increased, so did the number of home
runs in college baseball, and by 2008, scoring was nearing its pre-BESR regulation
rates. The NCAA was alarmed by this and decided to retest the bats used at the
2008 College World Series. They found that although all of the bats used were
BESR certified when they were manufactured, only 1 of the 25 bats tested passed
the certification test at the end of the season [14]. It was determined that these
composite bats became more productive as they were broken-in. With each hit of
the ball, the carbon fibers became slightly more elastic and that after about 400
hits of a baseball, composite bats began observing a trampoline effect resulting in
ball exit speeds above the allowed ratio [8].
In 2011, the NCAA combatted this by implementing a new limiting factor on
bats. This new regulating coefficient was called the Batted Ball Coefficient of
Restitution (BBCOR) [14]:
BBCOR =

vR
(a + r) + r + Cball
vI

(1.2)

Here vI is the inbound ball velocity (pitch speed), vR is the rebound ball velocity
(exit velocity), r is a parameter that encompasses bat dimensions and elastic
properties, and Cball is a correction factor dependent upon the different types of
balls used in different leagues. This regulatory factor is used similarly to the BESR
method in the fact that no legal metal or composite bat could exceed the BBCOR
value of 0.5 (or that of a high quality wooden bat), however, it is also required that
a bat pass the BBCOR test after it has been broken in as well. The big difference
between the BBCOR and BESR regulations is that the BBCOR method more
4

accurately accounts for the trampoline effect in non-wood bats by considering bat
dimensions as well as material and inertial properties. This new regulation has
effectively limited non-wood bats to the same performance as wooden bats, and it
is still in use today.

1.2 Sting of a Baseball Bat
These regulations evened the playing field of bat performance, causing manufacturers
to broaden their scope when designing bats. In order to compete for customers, bat
manufacturers no longer could boast that their product hit the ball the furthest.
Instead, in recent years, bat manufacturers have attempted to focus on the complex
topic of the feel of a baseball bat [15]. Feel can include how heavy a bat is when
it is swung, which is dependent upon a bat’s moment of inertia. It can also be
influenced by the sound a bat makes when it hits a ball. Mostly, though, feel is
determined by the way the energy from contact is transferred through the bat to
the player’s hands. This aspect of feel can be positive if it helps a player know
when he makes solid contact with a ball, or it can be negative if it results in a
painful stinging sensation when a ball is hit poorly.
To a baseball player, sting is the painful sensation that a player feels mostly
in the thumb of their top hand when they do not make solid contact with a pitch.
This pain has deterred some young players from played the game, and it has
caused lasting damage in lifelong players as well. When baseball was solely played
with wooden bats, the idea of modifying a bat to minimize sting was unheard of.
However, the introduction of new bat materials has allowed for more customizable
bats that aim to feel just right. Beginning in the Early 1990s, bat manufacturers
began to experiment with methods to reduce sting.
In 1991, Easton became the first company to implement sting reduction techniques into bats. Their Vibration Reduction System involved a mass-spring vibration
absorber shaped like a cantilever beam and placed in the tapered area of the bat.
This method was later abandoned due to the significant weight that the absorber
added to the bat. Instead, Easton developed their ConneXion joint in 1999 as a
more effective way to limit vibrations. This rubber joint connects two separate
pieces of the bat, the handle and the barrel, and is still used in their bats today.
Other manufacturers, like Louisville Slugger and Marucci, have opted to implement
5

a mass-spring system into the knobs of their bats over the years. This method
has been proven to be more popular than placing a vibration absorber in middle
of a bat as it does not have such a significant effect on a bat’s moment of inertia.
Additionally, companies have experimented with non-trivial solutions to reducing
sting. In 1998, Worth experimented with piezoelectric materials in baseball bats to
reduce sting by converting the vibrational energy into electrical energy. Their 1998
bat, the Worth ACX, implemented a circuit in the handle of the bat that would
reduce vibrations by taking the energy from them and using them to light a red
LED in the knob of the bat. These various methods of sting reduction all have
had the common goal of making a bat more comfortable for a player to use, and
therefore more marketable [16].
The purpose of this research is to look further into the ways that bats vibrate,
and to analyze how these vibrations can cause sting in a player’s hands. Utilizing
a combination of experimental methods, over 60 different bats will be tested to
provide numerical data on the effect of these vibrations. This data will be compared
to see which materials and methods reduce these sting-causing vibrations most
effectively. Ultimately, a sample of bats with different numerical values for sting
reduction will be tested by baseball players to determine if the numerical values
correlate with what players actually feel and prefer.

6

Chapter 2 |
Experimental Modal Analysis
Sting and vibration are common terms to baseball players, but they are tough
terms to quantify. While it is difficult, maybe impossible, to measure sting itself,
vibrations of structures are measured very often in real world scenarios. A process
called experimental modal analysis can be easily performed to provide relevant
vibrational information. This process is used to examine baseball bat vibrations,
and hypothesize which vibrations will likely cause the sting in a player’s hands.

2.1 Experimental Modal Analysis and Baseball Bats
In simple terms, experimental modal analysis is the process of describing an object
by its natural frequencies, damping, and mode shapes [17]. These measurements
are obtained by inducing a vibration in a structure and comparing the input force
with the output vibration. This can be done by utilizing two pieces of equipment:
a force-hammer that excites the vibration in a bat while measuring the force and
duration of the impact, and an accelerometer that measures the resulting vibration
response. Figure 2.1 shows a baseball bat suspended by rubber bands with an
accelerometer attached to the end of the barrel and a force hammer lying on the
table next to the bat. By connecting the accelerometer and force-hammer to a
dual channel signal analyzer, this test yields a frequency response function (FRF)
which is the ratio of an output acceleration to an input force at different frequencies.
When the FRF is plotted as the magnitude of the response vs. frequency, peaks
in this function give natural frequencies. The calculation of resonance frequencies
and modal damping can be done mathematically from the FRF. However, mode
shapes are more difficult to calculate mathematically. By repeating the hammer
7

Figure 2.1. Setup for initial EMA tests on a wooden baseball bat

test at different points along the bat’s length, and then inputting the data into
an appropriate software package, animations of mode shapes can be determined
for the entire bat. The mode shapes show locations of maximum and minimum
amplitudes of displacement (peaks and nodes) caused by each natural frequency of
vibration. The locations of peaks and nodes are important pieces of information
when analyzing sting, as a larger output vibration located on the grip of the bat
means a greater chance of energy from that vibration being transferred into a
player’s hands.
In the first part of preliminary testing for this research, experimental modal
analysis was performed on a wood bat and two two-piece, aluminum barrel and
composite handle, baseball bats. The process of experimental modal analysis used
a fixed response approach. Here the accelerometer remained fixed at a location near
the end of the barrel while the force-hammer tapped at different points along the
length of the bat to excite vibrations. These responses were collected and compared
for each location of initial impact. Since the bat will behave the same regardless of
what side of its surface is being hit, only one linear part of the bat needed to be
tested. In this testing, the bats were suspended freely by rubber bands with impact
points marked every inch along the length of the bat. A hard-plastic tipped force
8

hammer was chosen due to the right balance of contact time and frequency response
between the materials [20]. Using wax, the accelerometer was attached one inch
from the end of the bat and connected to an input of the analyzer. The hammer
was tapped on the first point and the force it exerted as well as the vibrational
response it caused were both measured by the signal analyzer. An SRS-785 dual
channel Fast Fourier Transform analyzer was utilized to measure the impact force,
output acceleration, and resulting Frequency Response Function. Processing was
done by the signal analyzer to calculate a FRF for each hit. The SRS-785 analyzer
is shown in Figure 2.2.

Figure 2.2. The SRS-785 used in the Modal analysis experiments

After taking a three-trial average at the first point (the knob of the bat) and
verifying the coherence of the three trials, the data was saved, and the test was
repeated at the second input point. Once the fixed response data was collected
at a point every inch down the length of the bat, the data was exported into the
STAR Modal software package. STAR Modal software takes all of the data and fits
it together to determine how each point on the bat moves relative to every other
point on the bat. It shows an overall FRF that reveals the natural frequencies at
9

which the bat is very highly reactive. STAR Modal also allows for deeper inspection
into peak frequencies. By selecting the peak frequencies of interest, an animated
model of the mode shapes at these frequencies can be generated, allowing for visual
inspection of how a bat physically moves at each bending mode occurring a peak
frequency.

2.2 Comments on Boundary Conditions
The first important point to note about modal analysis (or any analysis) on baseball
bats is the experimental set up. Since bats are designed to be held and swung
by players, it is important to make sure that experimental data is applicable to a
real-life scenario. When a bat and ball make contact during a player’s swing, the
player is gripping the handle of the bat with both hands. The duration of contact
between a ball and bat is so short that this grip does not affect the outcome of the
collision on the baseball, however it does influence the response of the bat. When
attempting to analyze a bat’s performance at contact, it is not feasible to create an
experiment that will give accurate and repeatable data while a player is gripping a
bat due to the component of human error. Multiple tests have been performed on
baseball and cricket bats, as well as racquets and sticks used in other sports, that
compare handheld equipment to equipment that is clamped at an end and or freely
suspended. Specifically, Howard Brody of the University of Pennsylvania’s Physics
Department addresses this problem in his paper "Models of Baseball Bats" [18].
Brody performed experimental modal analysis on a baseball bats by exciting the
bats with a calibrated force and measuring the vibrational response of the bat in
order to analyze the bat’s mode shapes and the natural frequencies of oscillation
of which these modes occur. In these experiments, he collected data for bats it
three different scenarios: held-in-hand by a player, suspended freely by a string or
rubber bands of negligible mass (modeled as a free-free beam), and yet again with
one end of the bat clamped tightly in a vice (modeled as a fixed-end beam). By
comparing the data for these three conditions in terms of mode shapes and natural
frequencies, it was determined that a freely suspended bat will give clearer, more
repeatable data than a handheld bat, and experience natural frequencies within
5-7% error of the frequencies of a handheld bat. Corroborating data was found
by researchers in the University of Nottingham’s School of Mechanical, Materials
10

and Manufacturing Engineering when examining cricket bats over a decade later.
Because of these experiments, researchers performing vibrational experiments are
justified in modeling bats as free-free beams [18, 19].

2.3 Discussion of Results
These graphical depictions of the bending modes and measurements along the bat
of where the nodes are for each mode allows for the determination of the "sweet
spot" of the bat, which is the portion of the bat that absorbs the least amount
of energy at contact, and therefore transfers the most energy to the ball. This
means that balls that are hit with this region of the bat experience the highest
exit velocities and travel the furthest distances. The sweet spot is one of the most
important quantifiable measurements of a baseball bats performance, and although
it cannot be located precisely, it is somewhere between the nodes of the first and
second bending modes [21, 22].
Screenshots of the animations of the first, second, and third bending modes of a
wooden baseball bat are shown in figures 2.3-2.5. These mode shapes are for a linear
model of a bat, where the knob is on the left and the barrel is on the right. After
performing the same experiment on the aluminum and composite two-piece bats, it
was verified that the mode shapes are very similar between bats of similar sizes
regardless of the bat’s material composition. The only variance between materials
is the natural frequencies of these bending modes.
Figure 2.3 shows a linear model of the mode shape at the first bending mode
frequency of 162 Hz with the knob at the left and the barrel to the right. The
two plots show extremes of motion, each occurring half a period apart. There are
two nodes in the first bending mode. One node is between points 7 and 8 (6-7
inches from the knob) and the other is between points 28 and 29 (6-7 inches from
the barrel end). The node closest to the handle lies underneath the top hand of
a player’s grip, however there is antinode at the knob which lies near a player’s
bottom hand.
Figure 2.4 shows two extremes of the second bending mode of the bat at 567 Hz.
There are three nodes: one at point 3 (2 inches from knob), one between points 16
and 17 (15-16 inches from knob and 18-19 inches from the barrel end), and one
between points 29 and 30 (5-6 inches from barrel end). The largest antinode occurs
11

Figure 2.3. Two extremes of motion in the first bending mode of a bat (162 Hz)

between points 8 and 9 (7-8 inches from knob). This is right where hitters place
their top hand when gripping the bat. The area between the barrel nodes in the
first and second nodes give an estimate of the location of the bat’s sweet spot since
minimal vibrational energy is absorbed here (roughly 6-8 inches from the end).

Figure 2.4. Two extremes of motion in the second bending mode of a bat (567 Hz)

12

Figure 2.5 shows the two extremes of the third bending mode that occurs at
1155 Hz. Here there are four nodes: between points 1 and 2 (0-1 inches from the
knob), at point 11 (10 inches from knob), at point 19 in the middle of the bat, and
between points 32 and 33 (2-3 inches from the end of the bat). The antinode at
point 6 (5 inches from the knob) is worth noting as it lies directly under a the a
player’s hands.

Figure 2.5. Two extremes of motion in the third bending mode of a bat (1155 Hz)

2.4 Mode Shapes, Frequency, and Sting
This data given by the modal analysis testing and the post-processing in STAR
Modal may be used to key in on specific bending modes and corresponding frequencies. Since the sting in a player’s hands is the main problem behind this research,
it is important to look for bending modes that will affect the handle of the bat. If
a certain mode has a smaller amplitude in the handle, it will not transfer as much
energy to the batter’s hands as a mode with a large amplitude in this region. As
shown in the figures, the bat’s first bending mode has a node around 6-7 inches from
the knob, which is around the area where the batter’s top hand will grip the bat.
The second and third bending modes have antinodes at this point. This suggests
that the second and third bending modes could be the source of the vibration that
causes sting in a player’s top hand.
13

However, it is also important to consider the frequency of the vibration of
the bending modes of interest. Research sponsored by the National Institute for
Occupational Safety and Health in the 1970s concluded that a human’s hands were
most susceptible and sensitive to vibrations near the 100-400 Hz range. Figure
2.6 is from a publication of this research. The bottom curve shows the necessary

Figure 2.6. Frequencies at which hands are most sensitive [23]

amplitudes at each frequency for a person to notice a vibration, and the top curve
shows the amplitudes at each frequency for a person to be "annoyed" enough by the
vibration to not want to experience the pain for a long period of time [23]. This
is important because not only must a bat exhibit a large amplitude for a certain
bending mode to transfer noticeable energy to the player’s hands, but the frequency
of that bending mode must also be within the sensitive range of a human hand for
the vibration to cause a stinging sensation. As seen in the figure, human hands
are most sensitive to frequencies between 150-650 Hz. The first bending mode falls
into the lower part of this range, but the node underneath the top hand implies it
is not the cause of sting. The second bending mode falls within this range and has
an antinode at the location of the top hand, meaning the second mode is a very
14

possible cause of sting. While the third bending mode does have an antinode at
the batter’s top hand, its frequencies are much higher than the range detectable by
hands, suggesting that it is not the cause of sting.

15

Chapter 3 |
Damping in Baseball Bats
Along with frequency and mode shape, modal damping is the third and final
natural characteristic that is determined through experimental modal analysis [17].
Damping is a measurement of energy decay [24]. Specifically, it describes how
quickly the vibrations of a certain bending mode will die down after they are
excited. More damping means the vibrations will transfer less vibrational energy to
a player’s hands in the form of sting. Dampers can be tuned to minimize vibrations
at specific frequencies, and if damping at a specific mode is large enough it can
eliminate the amplitude of a vibration at that frequency altogether [25].

3.1 Damping Tests
In baseball bats, the larger the damping rate for a certain mode, the less energy
that bending mode will transfer to a batter’s hands. After looking in depth at
mode shapes and their frequencies in the first experiment, it was determined that
damping in the first three bending modes should be analyzed further to get a better
understanding of sting reduction in bats by comparing damping in these modes
in a variety of bats. To do so, a new experimental setup was used. The bat was
suspended freely by hanging it with rubber bands at the knob. An accelerometer
was placed on the knob and connected to one input of the dual channel signal
analyzer, while the calibrated force hammer was connected to the other input. The
setup is shown in Figure 3.1.

16

Figure 3.1. Suspension of a baseball bat for a damping test

Data was collected by lightly tapping the force hammer at the barrel end of the
bat in the same plane as the accelerometer. The input force and output response
were then used to create a frequency response function. A three-trial average FRF
was taken and examined, as shown in Figure 3.2.
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Figure 3.2. The three-trial average FRF used for measure damping

The natural frequencies of the first three bending modes are shown by the
peaks in the plot in Figure 3.2. The analyzer has a marker function that may be
used to calculate the damping ratio ’ for each mode. The damping ratio is the
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percent of critical damping at a frequency; however, this ratio is dependent upon
the specific natural frequency of that mode [24]. This makes damping ratios hard
to compare between bats with varying natural frequencies. Consequentially, the
modal damping rate ‡ is used instead. The relation between ratio ’ and ‡ and
frequency f is
Û
(2ﬁf )2 ’ 2
‡=
.
(3.1)
1 ≠ ’2

A larger ‡ value means more damping and therefore faster exponential decay in a
vibration amplitude. It is the same ‡ value utilized in the solution of the classic
damped harmonic oscillator problem,
x(t) = Ae≠‡t cos Êt.

(3.2)

A larger ‡ and quicker decay leads to less pain in a player’s hand from a certain
bending mode. The results of the measured damping rates in bats are discussed in
Chapter 4.

3.2 Impulse Tests
Another way to measure damping is by an impulse response [24]. While a frequency
response function gives acceleration in terms of frequency, an impulse response
gives acceleration in terms of time. This is a useful way to graphically represent
damping and more clearly explain its importance. An impulse response can be
obtained by doing a reverse Fourier Transform on the frequency response function,
or if the natural frequency of the vibration is already known, it can be obtained
by an experiment similar to the previous test. Once the desired frequency of a
mode is known, the data from accelerometer can be passed through an electrical
filter to eliminate data from all other frequencies not related to that mode. After
filtering out unwanted frequencies and changing the analyzer window to display
acceleration vs. time, an impulse response is obtained. This measurement is useful
to graphically display the effects of damping, and can complement regular values
when comparing damping between two different bats.
Figure 3.3 shows the analyzer’s capability of comparing two bats. It is important
to note that since the acceleration is not being normalized, the two impulses from
18

the force-hammer used to initiate the comparison must be nearly the same to
produce meaningful data. When showing an impulse response, oftentimes the
impulses are also displayed simultaneously with the response. This is the case with
Figure 3.3 as the curve compares the response amplitudes of two bats with differing
damping rates in the second mode, and the bottom curves compares the impulses
that causes the vibration.
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Figure 3.3. Comparison of impulse and response for two bats

The bottom curves shows the two impulses are nearly the same in magnitude
and duration, while the identical periods of oscillations in the top plot show both
bats have the same frequencies. For the first five cycles, the vibration amplitudes
are nearly the same, but after that the vibrations in the bat with more damping
decay to zero quickly. The data from the analyzer’s graph is tough to see, but a
better picture may be obtained by exporting the data and overlaying two impulse
responses in another plotting software. This is the case in Figure 3.4.
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Figure 3.4. A better depiction of an impulse test result

Here the frequencies of the two bats are again the same, but the magnitudes of
the two peaks are only equal for the first cycle. After that, the vibrations in the
bat with less damping (red) grow to a larger peak amplitude and last longer than
the vibrations in the bat with more damping (blue). Vibrations in the bat with
more damping are essentially gone by 0.045 seconds after impact.
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Chapter 4 |
Results of Damping Tests
The results from the experimental modal analysis of the three different bats show
that the vibration from the first, second, and third bending modes should have
the greatest effect on the sting in a player’s hands. As explained in Chapter 3,
damping tests were then performed on over 60 bats comprised of three categories:
adult baseball bats, youth baseball bats, and slow pitch softball bats. Within
these categories, the materials used to make the bats varied. Bats were then
labeled whether they were made of aluminum alloy, composites, wood and whether
there was an additional method of damping implemented (labeled as special). A
variety of specially damped bats were tested. Some were simply aluminum bats
with vibration absorbers, such as the Easton Vibration Reduction System, the
Louisville Slugger Sting Stop, and Marucci bats with Albin harmonic dampers.
Others were two-piece bats with rubber connections like the Easton ConneXion
models. There were also a few very different methods, such as the Worth ACX that
used piezoelectric damping, and others that connected metal handles with wood
barrels. By measuring the damping rates at each of the first three bending modes,
a general idea is formed of the natural frequencies and damping rates each material
exhibits. The addition of data points for bats with special damping methods helps
to compare these methods to the baseline of regular bats, and this comparison gives
an idea of how effective these methods should be at eliminating sting.

4.1 Adult Baseball Bats
The damping test results for all three bending modes of the 17 tested adult bats
are shown in Figure 4.1 The top plot shows that the natural frequencies of the
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Figure 4.1. Damping rates as a function of frequency for adult baseball bats in the first
(top), second (middle), and third (bottom) bending modes

first bending mode range from 85 Hz to 200 Hz. The damping rates (‡) for wood,
composite, and aluminum all are below 10 s≠1 (most are below 5 s≠1 ) while the
special bats have damping rates as high as 30 s≠1 , which is 5 to 6 times more
damping than most regular bats.
The middle plot in Figure 4.1 shows the frequencies for the second bending mode
of adult baseball bats range from 350 Hz to 700 Hz which is mostly in the range
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of frequencies to which human hands are most sensitive. Again, wood, composite,
and aluminum bats exhibit damping rates between 10-30 s≠1 . In this plot most
special bats have damping rates between 50-120 s≠1 , which is 5 to 10 times larger
than the regular bats.
The bottom plot in Figure 4.1 shows the natural frequencies of the third bending
mode to be between 750 Hz to 1400 Hz. This is much higher than the range that
affect human hands. Here the wood, composite, and aluminum bats have damping
rates less than 80 s≠1 while most damping rates for the special bats mostly range
from 120-220 s≠1 .

4.2 Youth Baseball Bats
Aluminum youth baseball bats were readily available, so a wider variety of aluminum
alloy bats were included in the next set of testing. Figure 4.2 shows the damping
test results for the first three bending modes of the 22 youth baseball bats that
were tested. In general, the frequencies for the youth bats were slightly higher than
frequencies in adult bats due to youth bats’ shorter length.
The top plot shows the frequencies of the first bending mode range from 60
Hz to 240 Hz; however, the wood, composite, and aluminum bats have frequencies
between 150 Hz and 240 Hz while there are four special bats that have much lower
frequencies. These special bats are two-piece models with very flexible handles
which causes the lower frequencies without affecting damping in the first mode.
The other two special bats are aluminum bats equipped with vibration absorbers.
One utilizes Louisville Slugger’s Sting Stop and the other is Easton’s Vibration
Reduction System. These absorbers give damping rates between 40-50 s≠1 which is
4 to 10 times larger than the damping rates in normal bats.
The middle plot in Figure 4.2 shows the frequencies of the second bending mode
range from 280 Hz to 820 Hz. With the exception of the low frequency bats with
flexible handles, the frequencies of youth bats in the second bending mode are
higher than the frequencies of sensitivity for hands. The flexible handles with low
frequencies begin to show somewhat higher damping rates in the second mode,
whereas the bats with vibration absorbers that were effective in the first bending
mode now have damping rates similar to wood and aluminum bats. This is an
example of how absorbers can be tuned to dampen out a specific frequency, which
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Figure 4.2. Damping rates as a function of frequency for youth baseball bats in the first
(top), second (middle), and third (bottom) bending modes

in this case is the first bending mode frequency. The bottom plot in Figure 4.2 of
the third bending mode is very similarly to the middle plot, only with frequencies
between 600 Hz to 1600 Hz. These frequencies are mostly way too high to be felt
by human hands.
It is also worth noting that one youth bat in particular was equipped with an
Albin harmonic damper in the knob of the bat. This vibration absorber was so
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effective that it completely eliminated the second bending mode altogether. This
was the most effective form of damping observed in this experiment. Figure 4.3
shows a FRF for this youth bat similar to the one in Figure 3.2 for a wooden adult
bat. The large damping is shown by the lack of peak frequency between 400 Hz
and 1000 Hz.
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Figure 4.3. While all other bats had three peaks in the 0-1600 Hz range of their FRF,
the Albin harmonic damper completely eliminated the second and third bending modes
in its youth bat

4.3 Softball Bats
While there were no wooden softball bats available for testing, a plethora of onepiece, composite models allowed for deeper testing on composite bats. The top plot
of Figure 4.4 shows the damping rates for the 23 softball bats tested. The natural
frequencies of the first bending mode range from 100 Hz to 220 Hz with composite
bats spanning almost all of this range. The aluminum and composite bats all had
damping rates below 5 while the special bats ‡ ranged from 4 s≠1 to as high as
25 s≠1 . The two highly damped special bats in this case are Easton ConneXion
models.
The middle plot of Figure 4.4 shows the frequency range for the second bending
mode in softball bats is 425 Hz to 760 Hz, which is mostly within the threshold
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Figure 4.4. Damping rates as a function of frequency for softball bats in the first (top),
second (middle), and third (bottom) bending modes

range. Some composite bats show slightly more damping in this mode, but the
Easton ConneXion models still have 6 to 10 times as much damping as most normal
bats in this mode. In the bottom plot of Figure 4.4, the frequencies in the third
bending modes range from 900 Hz to 1400 Hz which is much higher than the range
human hands can feel.
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4.4 Comments on Damping Test Results
Across all three modes and all three bat types, there was not much difference in
damping between wood, aluminum, and composite bats. To effectively dampen
out vibrations, an additional method must be used. Also, most frequencies in the
second bending mode fell within the 150 Hz to 650 Hz range to which human
hands are most sensitive. Roughly half the frequencies in the first bending mode
fell within this range and nearly all of the third bending mode frequencies were
higher than this range. This, combined with the fact that the second bending mode
exhibits a vibrational peak at the location of a players top hand, suggests that the
second bending mode is important when considering sting.
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Chapter 5 |
Player Feedback
Results from experimental modal analysis and damping tests can quantify the
effectiveness of damping techniques in bats, but these results are not very meaningful
if players do not notice a difference. In order to get a sense of the importance of
the findings of these tests, five adult bats of interest were chosen to be used in
player testing to get an idea of what is felt during a game-like scenario. The bats
were selected in order to give players options that had varying damping rates and
frequencies in the first two bending modes.

5.1 Player Testing
During multiple Penn State Baseball Club team practices, players were taken aside
to hit a round of batting practice while taking roughly 8 swings with one bat and
then 8 swings with a second bat. Every player had been playing baseball for between
13-18 years. They were instructed to "jam" themselves, or more scientifically, to
hit the ball outside of the sweet spot closer to the handle in order to increase the
vibrations and sting in their hands. After the round, players then reported which
bat in the pair stung more.
The first pair of bats tested were an unaltered aluminum bat (Bat 1), and a
bat with a mass-spring damper in the handle (Bat 2). As seen in Table 5.1, these
bats have similar natural frequencies and damping rates in the first bending mode,
but Bat 2 has over an order of magnitude more damping in the second mode. Of
the 12 players that participated in this testing, 11 players responded that Bat 1
stung their hands more.
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Bat
1
2

Table 5.1. Data for bats used in first player testing situation

Frequency in
Mode 1 (Hz)
196
167

‡1
3.0
3.8

Frequency in
Mode 2 (Hz)
670
545

‡2
7.3
95.5

# of Responses that
Bat Stung More
11
1

The second round of testing compared Bat 2 and a bat that had a composite
handle, an aluminum barrel, and a patented connection piece between the two
pieces to reduce vibrations (Bat 3). As seen in Table 5.2, Bat 3 has nearly an order
of magnitude more damping in the first mode than Bat 2, while both bats have
similar damping in the second mode. Ten players tested these two bats. Eight
players reported that Bat 2 stung more, one player reported Bat 3 stung more, and
one player stated he could not tell a difference.
Bat
2
3

Table 5.2. Data for bats used in second player testing situation

Frequency in
Mode 1 (Hz)
167
101

‡1
3.8
27.5

Frequency in
Mode 2 (Hz)
545
365

‡2
95.5
119.2

# of Responses that
Bat Stung More
8
1

Lastly a one-piece composite bat (Bat 4) and a one-piece aluminum bat (Bat 5)
were compared by 8 players. These bats both have similar, small damping values
in the first and second modes, but Bat 5 has slightly higher frequencies as shown
in Table 5.3. The material and higher frequencies give Bat 5 a louder sound upon
contact with a ball. While the frequencies themselves are close enough that they
should not have affected the physical sting in a player’s hands, the sounds may
have influence a player to perceive a sting that may is not present. Of the eight
players who participated in this test, four reported Bat 5 stung more, two reported
Bat 4 stung more, and two could not tell a difference.
Bat
4
5

Table 5.3. Data for bats used in third player testing situation

Frequency in
Mode 1 (Hz)
141
172

‡1
1.9
2.3

Frequency in
Mode 2 (Hz)
500
580
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‡2
14.1
20.3

# of Responses that
Bat Stung More
2
4

5.2 Additional Comments from Players
Some additional information was acquired throughout player testing. Upon seeing
the bats to be used, some of the older players recognized multiple models as bat
similar to ones they used while growing up. Comments were made about how
the older, unregulated bats had much more "pop" than newer ones, and players
were eager to get into the batting cage and swing these bats that are no longer
manufactured even before the testing was explained to them. This led to players
taking a couple swings where they attempted to hit balls as hard as they could, not
with the intention of creating sting. While players did give meaningful feedback on
the desired topic of sting, they often included comments about the "pop" in a bat.
Some claimed that bats that the bats with more damping felt "dead" while others
commented that while some bats stung, they would risk the pain to be able to use
them in game because the ball shot off the bat so quickly. These comments go to
show that there are other components to the feel of a baseball bat than sting.
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Chapter 6 |
Conclusions
The testing in this thesis provided some baseline results that can be used in the
future for further experiments into how to control sting in a baseball bat. In general,
aluminum and composite bats exhibited damping values similar to the traditional
wooden bat, while the frequencies observed in these bats did vary based on material.
This proves that while the sound may be different, standard non-wood baseball
bats should physically feel the same as their traditional wooden counterparts in
terms of sting. This testing showed that, for the most part, an additional damping
method must be utilized in bats to noticeably reduce vibrations. Bats with mass
spring damping systems are limited to damping out only one vibrational mode at a
time. Easton’s Vibration Reduction System and Louisville Slugger’s Sting Stop
eliminated vibrations in the first mode while Marucci’s use of the Albin Harmonic
Damper focused on damping out the second bending mode’s vibrations. Each of
these methods left other bending modes unaffected. The damping data showed
that Worth’s piezoelectric method of damping was ineffective in all modes, while
Easton’s ConneXion joint was effective in reducing all vibrations.
This damping data was corroborated by the player testing. Players felt less
sting in Bat 2 than Bat 1 due to Bat 2’s damping of the second mode, but they felt
the least sting in Bat 3 which dampened out both the first and the second modes.
Unfortunately, there were no available adult bats that only had damping in the
first mode, so the player testing was not completely able to eliminate vibrations in
the first bending mode as a cause of sting. For future testing to be more effective,
it would be wise to repaint or cover bats with a thin film as to prevent players from
knowing which model they are using. Also, it would be effective to use ear plugs or
headphones to keep the sound the bat makes separate from the physical feeling of
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the sting of the bat as the testing showed it may have had a small influence of a
player’s perception of sting.
All in all, sting is not the only aspect of the feel of a bat. While younger players
may be deterred by hand pain, comments from older players show a different
mindset. To some, how much a bat stings is not nearly as important as how it
performs. The risk of a few minutes of hand pain is worth the reward of a few
extra feet of distance which could be the difference between a fly out and a home
run. These different preferences allow for the variety of bat models in the market
today, and there is reason to believe that as long as non-wood bats are being used,
opinions on which bat feels best will vary from one player to the next.
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