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Summary:

Any solid when taken out of rest will act like a standing wave, constantly trying to restore itself to equilibrium. Standing waves have far reaching applications, from basic waves on strings to quantum mechanical applications that have the potential to solve some of the largest challenges our world faces today. Modeling the sweet spot on a bat is a very interesting problem in the simultaneous simplicity and complexity of the issue. We will outline in this paper our unique method of modeling the sweet spot, as well as present a basis for further study of this interesting problem.

 In baseball, sweet spots are positions on a bat that when contact is made with the baseball, vibrations at the handle are minimized and energy imparted on the ball is maximized. Although at first glance it would seem that the end of the bat would impart most energy to the ball since the magnitude of torque depends on the distance at which force is applied, there is a much more complicated explanation that relates the sweet spot to the minimization of vibrational energy loss that can be modeled through vibration waves. Through our analysis of the vibrational nodes, we determined that the sweet spot is not located at the end of the bat, but rather, at a calculable distance from the end of the bat by modeling the bat as an open-open standing wave, which has anti-nodes at each end of the bat These anti-nodes are a sink for energy that could have been used as kinetic energy in the baseball. Since the anti-nodes exist at the position of greatest torque, the energy imparted can be expected to be less than the calculated torque.

 Major leagues ban corked bats because they provide the hitter with a larger sweet spot making it easier for the hitter. The larger sweet spot is due to the increased frequency of waves traveling through the unique shape of the bat, which lengthens the distance between the nodes of the fundamental and first harmonic frequencies. Since the sweet spot lies between the nodes of the fundamental and first harmonic frequencies (being between these two nodes allow for less energy expended due to lack of vibrations), this increased distance increases the probability of contact with the sweet spot.

The sweet spot of metal is located closer towards the end of the bat because the faster wave propagation speeds cause the node to be pushed out further. Because there is no vibrational energy loss at the node, energy transfer is based entirely on the torque. From this we can conclude that a metal bat can transfer more energy to the ball. This is likely why metal bats are banned by the major leagues.

Some variables in our model included the Young's modulus and the density of the materials. Our model design was the use of equations to find the wavelength and frequency of the vibrations. As we pieced together different equations for wavelength and frequency, we eventually had to hypothesize that the phase velocity was dependent on the Young's modulus and density of the material of the bat. This hypothesis is based on the fact that the speed of sound is equal to the square root of the Young's modulus divided by the density. We believe that vibrational phase velocity is proportional to this via a constant K. Though our model was able to determine qualitatively that the sweet spot was not at the end of the bat and that it is wider if a bat was corked, a weakness was that we were unable to quantitatively show the exact size of a sweet spot in a corked bat, nor the exact distance from the end of the bat that the sweet spot may lie. 

The Sweet Spot of a Baseball Bat

Introduction:

Our first question in approaching this problem was what is the sweet spot on a bat? If you were to ask a baseball player, he would tell you that the sweet spot is the point on the bat that gives you the maximum power when you strike the ball. They might also say that you know when you have struck a ball at the sweet spot because instead of feeling a stinging in your hands, you feel just a soft vibration of the bat, even though a large amount of energy has been transferred to the bat. (http://en.wikipedia.org/wiki/sweet_spot). This idea led us to believe that the sweet spot has something to do with the center of percussion, and the idea of vibrations obviously implies waves. This hypothesis was confirmed by a very interesting source that we found where a physicist published his results of determining the actual sweet spot based on the frequency of a standing wave pattern inside the bat (http://paws.kettering.edu/~drussell/bats-new/batvibes.html). The articles published by this professor provided us with many interesting facts about sweet spots and baseball bats, the most important being the fact that based on experimental results, the sweet spot was found to be located between the first node of the fundamental frequency of the bat and the first node of the first harmonic. 

We decided that we needed to consider a simpler model at first and move on to a more complex model once the results of the simpler model were verified. The simplest model we could look at would be a cylinder of wood that had the same cross sectional area across the entire length. 

The sweet spot on a baseball bat is scientifically defined as the spot on the bat where energy loss due to vibrations is minimized while distance traveled by the baseball can be maximized. This spot can be found localized between the nodes of the fundamental frequency and first harmonic of the standing wave pattern contained within the baseball bat. Though torque examination illustrates that the most energy transferred to the baseball should be at the end of the bat because Frsinθ is maximized when r is greatest, visualization of vibrational waves show that because a baseball bat represents an open boundary standing wave pattern, anti-nodes are at each end. This contradiction shows that although the end of a baseball bat yields the most torque, an impact at that point also looses more energy due to vibrations. This decreases the energy transferred to the baseball as kinetic energy. This decrease in energy at the end of the bat due to the vibrational waves causes the sweet spot to shift away from where we would expect it to be.

 
When a baseball bat is corked, it is believed that the sweet spot effect is increased. We know that replacing a region of the bat with something such as cork will reduce the density of the bat. Our model will show that corking enhances the sweet spot effect of the baseball bat.

Lastly, we want to find out whether the material of the bat affects the sweet spot of a bat. Our model will predict the effect of a material change on the sweet spot.

Assumptions:

1. Bat is 30 in (.762 m) long.

2. Bat Sweet spot is where vibrational energy loss is minimized.

3. Bat is a standing wave with open barriers.

Model:


After some research we found that there are two physical concepts that affect the sweet spot on a bat. They are the material the bat is constructed out of, and whether or not the bat is hollow. We approached the complexity of this problem by attempting to simplify it. At first we modeled our bat as a uniform cylinder so that we could use simple equations to describe the vibrational modes of the bat.


The model that we derived originates from general standing waves. Physics has widely introduced models for standing waves, but for a specific material and shape there lacks a definite approach. We discovered that vibrational energy loss is the lowest at the nodes of the standing waves and therefore energy transfer is the highest at those points. Because of the nature of standing waves with open boundaries, we see that anti-nodes exist at the two ends of the bat, and therefore the ends of the bats act like energy sinks that decrease the amount of energy transferred to the baseball. Because of the two anti-nodes at the two ends, there must exist a node between the two ends where the sweet spot exists. The nodes of the vibrational waves must also be the position on the bat with least vibrations, which would be defined as the sweet spot.


We used the established model of the frequency of an open ended standing wave, where f = (v*n)/(2L) and manipulated it to fit our uniform cylinder. In this equation, f is the fundamental frequency when n = 1 and first harmonic when n = 2 (in hertz), v is the phase velocity (in meters/seconds), and L is the length of the bat (in meters). Assuming our uniform cylinder as the bat, from the equation f=v/λ and the previously stated equation, we get λ=(2L)/n. This means that wavelength is only dependent on the length of the bat and the harmonic under consideration, but since the frequency of the waves has a large impact on the sweet spot, the density of the material has the greatest impact on the sweet spot. This suggests that there are different sweet spots with wooden bats and aluminum bats. It was shown that since aluminum has a higher density than wood, the sweet spot on aluminum bats will be forced out towards the end of the bat. This will increase the amount of torque that could be applied to the ball. This model showed that the materials will affect the velocity of the propagation of waves, and thus the frequency, and thus the location of the sweet spot.  However, this model does not say anything about the size of the sweet spot, which was shown to be greater with a hollow bat. Additionally, we believe that the shape of the bat must have some impact on the sweet spot. At this point, we found we could no longer use our simplified model to predict the sweet spot. This model is, however, too simple to describe the complexity of the vibrational modes of an actual bat due to variable weights and widths along the length of the bat.


We then found that velocity of sound can be related to the Young's modulus and density, so we concluded that the vibrational velocity differs from the sound velocity by some factor K. Due to a difference in the speed of wave propagation in different materials and the shape of the bat, we get nodes on an aluminum bat that differ from the nodes of a wood bat. The nodes of an aluminum bat are located slightly more towards the end of the bat than those of wooden bat. Since the sweet spot of an aluminum bat is further from the axis of rotation, the force of torque is greater than that of a wooden bat. Since there is no vibrational energy loss at the sweet spot, the aluminum bat provides more energy to the ball which could explain why aluminum bats are outlawed by Major League Baseball.


In the case of corking, the density is decreased, thus, increasing the phase velocity and frequency which causes the node to be pushed further toward the end of the bat. The separation between the nodes of the fundamental and first harmonic is increased due to the increase in frequency. This results in a larger sweet spot on a corked bat. The separation is caused by the shape of the bat having a thin handle and thick barrel that creates a barrier that, for a higher frequency, causes the effect of the frequencies to be amplified.

 Solution:

This model presented us with a problem when compared to the experimental results. Because the medium through which the standing wave pattern was propagating was uniform, there would be no separation between nodes of the different frequencies, and thus the sweet spots of various bats of different materials and densities would not show up.

This led us to consider the fact that since the baseball bat’s shape is such that it goes from a very large cross sectional area to a very small one, this would act like a boundary to the standing wave as its moving back and forth across the bat. Each time the wave passes from the handle of the bat to the thicker portion of the bat, and the wave crosses this boundary, it causes a small portion of the wave to be transmitted to the thicker portion of the bat. With higher frequencies this effect gets amplified, thus causing a gap between the lower fundamental frequency and the higher first harmonic.

We used the equations to find that as density decreases(i.e. in corking a bat), or the ratio of density and Young’s modulus increases(as in aluminum), the speed of propagation increases and thus the frequency increases, allowing for a greater separation between the first nodes of the fundamental frequency and the first harmonic.

Results:

Through the illustrations of Russell, we noticed that the vibrations through the bat are open-open waves. Because this suggests that there are anti-nodes at each end of the bat, we believe that the sweet spot can't possibly be at the end of the bat. It has to be between the anti-nodes, which mean it must lie between the two ends of the bat. We know that the vibrations will definitely be felt greatly if the ball was hit at the end of the bat (since that is where the anti-nodes are). Whether the sweet spot is the spot where the ball travels fastest has not been shown in our model due to the lack of quantitative output of our model. 

Conclusion:


Through our model of a uniform cylinder as a bat, we were able to argue that the reason the sweet spot was not at the end of the bat is because the end of the bat is actually an anti-node. This causes the energy that would have been imparted due to the torque to be less, since some energy went into generating the vibration anti-node. Our model also supported that the corking of bats increases the area of the sweet spot and that using metal bats will shift the sweet spot more towards the end of the bat, allowing for more torque to be imparted into the ball than if the sweet spot were further than the end of the bat.


Because our model was a very simplified version of a bat that did not take into account of the bat’s narrower handle, our model may not be very accurate. 

References:

Cross, Rod. "Physics of Baseball". University of Sydney. Feb 19, 2010. <http://www.physics.usyd.edu.au/~cross/baseball.html>. 

"Density of Wood". Feb 19, 2010. <http://www.simetric.co.uk/si_wood.htm>. 

"Elastic Properties and Young Modulus for some Materials". The Engineering ToolBox. Feb 19, 2010. <http://www.engineeringtoolbox.com/young-modulus-d_417.html>. 

Koerner, Brendan. "How Does Corking a Bat Help a Hitter?". Washington Post. Feb 19, 2010. <http://www.slate.com/id/2083972/>. 

Moore, Thomas. Six Ideas That Shaped Physics. New York: McGraw-Hill, 2003. 

Russell, Daniel. "Acoustics of Baseball Bats". Kettering University. Feb 19, 2010. <http://paws.kettering.edu/~drussell/bats-new/bend-sweet.html>. 

Russell, Daniel. "Vibrational Modes of a Baseball Bat ". Kettering University. Feb 19, 2010. <http://paws.kettering.edu/~drussell/bats-new/batvibes.html>. 

Vil'ner. "Speed of Vibration as a Criterion of Resistance to Vibration of Elastic Systems". Feb 19, 2010. <http://resources.metapress.com/pdf-preview.axd?code=v78jt2421160162l&size=largest>. 

Wikipedia contributors. "Normal mode." Wikipedia, The Free Encyclopedia. Wikipedia, The Free Encyclopedia, 16 Feb. 2010. Web. 22 Feb. 2010.

Wikipedia contributors. "Phase velocity." Wikipedia, The Free Encyclopedia. Wikipedia, The Free Encyclopedia, 22 Dec. 2009. Web. 22 Feb. 2010. 

Wikipedia contributors. "Speed of sound." Wikipedia, The Free Encyclopedia. Wikipedia, The Free Encyclopedia, 17 Feb. 2010. Web. 22 Feb. 2010. 

Wikipedia contributors. "Sweet spot." Wikipedia, The Free Encyclopedia. Wikipedia, The Free Encyclopedia, 19 Feb. 2010. Web. 22 Feb. 2010. 

Wikipedia contributors. "Wavenumber." Wikipedia, The Free Encyclopedia. Wikipedia, The Free Encyclopedia, 19 Feb. 2010. Web. 22 Feb. 2010. 
