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Abstract: During the 2008 Major League Baseball (MLB) season, there was a perception that the rate
at which wood bats were breaking was on the rise. MLB responded by implementing changes to the
wood bat regulations that were essentially transparent to the players, e.g., changing the orientation
for the hitting surface on maple bats, setting a lower bound on wood density, and reducing the
allowable range for the slope of grain (SoG) of the wood used to make bats. These new regulations
resulted in a 65% reduction in the wood-bat breakage rate. It is proposed that a further reduction to
the multi-piece failure (MPF) rate can be realized by accounting for the role that bat profile plays
with respect to bat durability. Durability is defined here as the relative bat/ball speed that results in
crack initiation, i.e., the higher the breaking speed, the better the durability. The aim of the current
work is to complete a parametric study to investigate if bat profile influences bat durability with
respect to SoG. Three bat profiles with very different geometries and volumes are analyzed using
the finite element software, LS-DYNA®. The mechanical behavior of the wood is modeled using the
*MAT_WOOD material model in combination with the *“MAT_ADD_EROSION option. The effective
wood material properties are varied as a function of wood density and SoG. Results include how
varying bat profile and SoG influences bat durability. The study is limited to maple wood bats.

Keywords: baseball; finite elements; maple; slope of grain; wood

1. Introduction

Historically, professional baseball games use wooden baseball bats, which can be classified to
break in one of two modes: single-piece failure (SPF) and multi-piece failure (MPF). In response to a
perceived increase in MPFs in baseball games, Major League Baseball (MLB) issued changes to the
Wooden Baseball Bat Specifications (WBBS) which set a required range for allowable slope of grain
(S0G) in the wood used to manufacture professional baseball bats, as well as instituted inspections of
the bats by a third party [1]. Traditionally, any species of wood could be used in an MLB game, but
changes to WBBS for the 2010, 2011, and 2012 seasons specified allowable wood species and gradually
increased the lower bound of wood density used in professional bats [2-5]. In turn, this increase in
the minimum allowable density would increase the minimum breaking strength of wood. These
changes led to a 65% reduction in MPF rate [6].

It is proposed that a further reduction in the MPF rate can be realized by also considering the
role that bat profile has with respect to bat durability. Previous work has shown that SoG directly
affects baseball bat durability [7]. The aim of the current work is to conduct a parametric study to
understand if bat profile is influential in the durability of the baseball bat with respect to SoG.
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2. Methodology

2.1. Bat Profiles

The four major regions of a baseball bat profile, i.e., shape, are shown in Figure 1. The knob is a
register point for the hands and helps to keep the bat in the player’s hands during the swing. The
handle is where the player grips the bat and is the thinnest part of the baseball bat. The taper region
transitions the handle to the barrel. The player hits the baseball with the barrel portion of the bat,
which is the thickest section of the bat. Depending on a player’s desired handle and barrel length and
diameter, the taper can vary significantly from bat profile to bat profile.

Knob Handle Taper Barrel

|

Figure 1. The four sections of a baseball bat.

For this investigation, three bat profiles that had varying geometries and volumes were selected.
Table 1 visually compares the bat profiles and Table 2 shows bat diameter measurements for each of
the three profiles at specific axial locations of interest. These locations were measured from the knob
end of the bat. Of the three profiles, Bat Profile A had the largest handle, barrel, and the largest
diameters at the 12 in (30.5 cm), 16.5 in (41.9 cm), 18 in (45.7 cm), and 21 in (53.3 cm) locations. At the
18 in (45.7 cm) and the 21 in (53.3 cm) locations, Bat Profile A had the largest measurements by a
relatively large amount, which indicates that the taper region increased in diameter very quickly
compared to Bat Profiles B and C. Bat Profile C had the median diameter of the three but the smallest
maximum barrel diameter, which suggests it had the most gradual diameter change through the
taper region of the baseball bat. Lastly, Bat Profile B had the smallest minimum handle diameter but
had dimensions that were in between the geometries of Bat Profiles A and C for the measured
locations through the taper and barrel region of the bat.

Table 1. Bat Profile Visual Comparison.

Bat Profile Profile Image

Table 2. Bat Profile Geometric Comparison.

Min. 12 in. 16.5 in. 18 in. 21in. Max. Barrel
Profile  Handle (30.5 cm) (41.9 cm) (45.7 cm) (53.3 cm) ia
: : - ; ) Diameter
ID Diameter Location Location Location Location (in. [em])
Gn.fem)  (n.fem)  Gn.fem)  (Gnlem)  Gn. [em]) '

A 0909[2.322] 1.022[2596] 1.268[3.221] 1.440[3.658] 1.942[4.933] 2.594 [6.589]
B 0.931[2309] 1.041[2.644] 1.303[3.310] 1.466[3.724] 1.945[4.940] 2.587 [6.571]
C  0914[2365] 1.049[2.664] 1.323[3.360] 1.457[3.701] 1.850[4.699] 2.501 [6.353]
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2.2. Finite Element Modeling

All finite element analyses were completed using LS-DYNA (Livermore Software Technology
Corporation, Livermore, CA, USA), and the models were constructed using Altair HyperMesh
(Altair Engineering, Inc., Troy, MI, USA). Post-processing was conducted in LS-Prepost
(Livermore Software Technology Corporation, Livermore, CA, USA). The bat models were analyzed
for a range of baseball impact velocities that ranged from 90 mph (145 km/h) to 180 mph (290 km/h)
in 5 mph (8 km/h) increments. The mechanical properties of the maple wood used in the models were
reported by Fortin-Smith et al. [8].

Each bat model was constructed of eight-noded brick elements with single-point integration.
Material model #143 from LS-DYNA (*MAT_WOOQOD) was used in the finite element models. Table 3
summarizes the volume and densities of each of the bat profiles. Because the volume of each bat
profile was different, the resulting densities were calculated to maintain each 34-in (86.4-cm) bat at
31 oz. (879 g). As a result of the varying densities, the strain-to-failure values and mechanical
properties also varied as a function of density, as reported by Fortin-Smith et al. [8].

Table 3. Volume and density of bat profiles.

Profile Volume (in® [cm?®]) Density (Ib/in® [g/cm?®])  Strain-to-Failure

A 88.66 [1453] 0.0218 [0.603] 0.0212
B 84.24 [1380] 0.0230 [0.637] 0.0223
C 79.68 [1306] 0.0243 [0.673] 0.0234

To specify the SoG of the baseball bat, the AOPT option for *MAT_WOOD was utilized. Each of
the three bat profiles was given SoGs between +10° to investigate and to quantify the relationship
between SoG and bat profile durability. The SoGs used in the models were -10°, -5°, -3°, -2°, -1°, 0°,
1°,2°, 3% 5° and 10°. The sign convention for positive and negative SoG is shown in Figure 2a.

2.3. Wood Failure Criteria

There are three potential outcomes for a bat/ball impact, i.e., no failure (NF), single-piece failure
(SPF), and multi-piece failure (MPF). NF occurs if the bat does not crack as a result of the impact. SPF
occurs if the baseball bat cracks but does not break into multiple large pieces, which is defined as a
piece of bat that weighs 1.00 oz. (28.4 g) or more. To capture failure, the strain-to-failure criterion in
the *MAT_ADD_EROSION keycard of LS-DYNA was used, and the strain-to-failure varied as a
function of wood density [8]. An illustration of the three possible outcomes of the finite element
analyses is shown in Figure 2b—d.

Positive SoG Negative SoG

" <4——— Ball direction

(a)

Figure 2. Finite element analysis terminology (a) Sign convention used in the finite element models
(b) no failure (NF); (c) single-piece failure (SPF) outcome; and (d) multi-piece failure (MPF) outcome.
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2.4. Dynamic Impacts

Two ball impact locations were investigated, i.e., 2.0 in (5.1 cm) and 14.0 in (35.6 cm) as measured
from the tip of the barrel end of the bat, as shown in Figure 3. These two impact locations have been
observed to be critical locations for breaking bats in professional baseball games. Impacts at these
locations are positioned away from the nodes of the first and second bending modes of vibration.
These off-node impacts induce large-amplitude vibrations along the length of the bat, which create
large strains on the bat, leading to breakage.

(a)

Figure 3. Side-by-side comparison of (a) 14.0 in (5.1 cm) model and (b) 2.0 in (35.6 cm) model.

The range of velocities initially used in this study spanned from 90 to 180 mph (145 to 290 km/h)
depending on the impact location. For the 14.0 in (35.6 cm) ball impact model, the velocity range was
90-145 mph (145-233 km/h). This velocity range corresponded to a 60%-100% maximum velocity
impact assuming a 90 mph (145 km/h) pitch and a 90 mph (145 km/h) swing speed measured 2.0 in
(5.1 cm) from the barrel end of the bat rotating about an axis 6.0 in (15.2 cm) from the knob. Using
this same methodology, the 2.0 in (5.1 cm) baseball impact model had a ball velocity up to 180 mph
(290 km/h), as this velocity corresponded to a maximum 100% velocity impact at the 2.0 in (5.1 cm)
location, assuming the same pitch and swing speeds as in the 14.0 in models. Upon analyzing the
results after running all of these combinations, it was determined that the range of speeds needed to
be expanded from 90-180 mph (145-290 km/h) to 70-210 mph (113 to 322 km/h) to get a complete
mapping of the boundaries between NF and SPF and SPF and MPF. A total of 1551 combinations of
bat profile, impact speed, impact location, and SoG were analyzed using LS-DYNA.

3. Results

The results of the finite element models were analyzed to explore how durability, i.e., breaking
speed, changed as a combination of SoG and bat profile. Tables 4 and 5 summarize the peak speed
resulting in NF and SPF, respectively, as a function of bat profile, impact location, and SoG. Contour
plots illustrating the three outcomes as a function of ball impact velocity and SoG are shown for each
bat profile and each ball impact location (Figure 4). The potential outcomes of NF, SPF, and MPF for
each combination of SoG and impact ball speed are denoted by the color bands. The dashed vertical
lines define the positive and negative bounds of SoG that are compliant with the current MLB
allowable range, i.e., +3°. The solid vertical line denotes the 0° SoG location on the plot.
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Table 4. Peak speed and associated slope of grain (SoG) for NF outcome.

Bat Profile 14.0 in (35.6 cm) Impact 2.0in (5.1 cm) Impact
Speed (mph [km/h]) SoG (deg.) Speed (mph [km/h]) SoG (deg.)
A 135 [217] 2 130 [209] 0
B 120 [193] 2 125 [201] 0
C 130 [209] 2 140 [225] 0
Table 5. Peak speed and associated SoG for SPF outcome.
. 14.0 in (35.6 cm) Impact 2.0 in (5.1 cm) Impact
Bat Profile
Speed (mph [km/h]) SoG (deg.) Speed (mph [km/h]) SoG (deg.)
A 155 [249] 0 180 [290] -1
B 160 [257] 0 175 [282] -1
C 160 [257] 0 160 [258] 0
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Figure 4. Top row, left to right—14.0 in. (35.6 cm) impact models for (a) Profile A, (b) Profile B, and
(c) Profile C. Bottom row, left to right—2.0 in. (5.1 cm) impact models for (d) Profile A, (e) Profile B,
and (f) Profile C.

4. Discussion

The data in Tables 4 and 5 show the maximum threshold speeds for the transition from NF to
SPF and from SPF to MPF, respectively, for the three bat profiles. Figure 4 shows the finite element
model outcomes as a function of impact location, SoG and bat profile. Upon examining the SoG
associated with the peak breaking speed, it was noted that the maximum speeds for the outside (2 in,
5.1 cm) impacts occurred at —1° to 0°, while the maximum speeds for the inside (14-in, 35.6 cm) impact
location occurred at +2° for a NF outcome and 0° for a SPF outcome. The different impact locations
created different crack initiation locations on the baseball bat. The outside (2.0 in, 5.1 cm) impact
location created crack initiation on the impact-side of the bat, whereas the inside (14 in, 35.6 cm) pitch
location created crack initiation on the opposite side of impact. Because a majority of the peak
velocities were at 0° SoG, it was implied that 0° SoG is the optimal choice for robust durability for
any of these bat profiles. Further, the fact that the peak breaking speed fell within the MLB-specified
+3° SoG range supports the choice of this range for the wood bat specifications.
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Figure 4 shows that for any value of SoG, each bat profile behaved differently. The 14.0 in
(35.6 cm) ball impact location showed that the MPF durability of Bat Profile B was more dependent
on SoG than Bat Profiles A and C, despite maintaining one of the highest SPF-MPF threshold
velocities. Conversely, Bat Profile A had a relatively flat SPF-MPF threshold velocity from —3° to + 1°
SoG, indicating that it had the lowest influence by SoG than the other bat profiles. The 2.0 in (5.1 cm)
impact location plots also show that SoG had the least influence on Bat Profile C because of how flat
its SPF-MPF threshold velocities were within the MLB standard of +3° SoG. It was observed that more
of the plots were asymmetric about their respective peaks. There was a significant decrease in bat
durability as the SoG progressed in the positive direction away from the peak SPF-MPF threshold
velocity compared to the same progression in the negative direction. These plots also show that bat
durability decreased rapidly as SoG progressed outside the range of +3°.

The differences in SPF-MPF threshold velocity curves and their respective asymmetries indicate
that bat profile plays an influential role in bat durability in conjunction with SoG. By examining the
SoG dependent nature of each bat profile, the near-optimal bat durability could be reached with
smaller ranges of allowable SoG. To achieve this level of optimization would require modeling of
each bat profile and additional impact locations. Among the examined bat profiles with ranging
volumes, there was a tendency for the optimal SoG range to be —-3° to + 1°.

5. Conclusions

Three different baseball bat profiles were analyzed using the finite element method to explore
how bat durability changes as a function of ball impact velocity, impact location, and SoG. The results
show that bat profiles are affected by the SoG differently, but among the profiles examined there
could be a reduction in MPF rate if the allowable SoG range was decreased from +3° to -1 = 2° SoG.
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