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ABSTRACT

MODELING AND DESIGN OPTIMIZATION OF GOLF SHAFTS
By

Nicholas Frank Abbruzzese

There are a number of tests and methods used in the golf industry that attempt to
measure and characterize golf shaft performance. The first portion of this work shows
that these tests can be modeled and studied analytically using beam finite elements. In
the second portion, the golf shaft is dynamically modeled and optimized within a finite
element simulation of a golf swing. During the optimization, parameters of the golf shaft
are varied and the performance is measured by the launch and spin characteristics of the

golf ball after impact.
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1 Introduction and Literature Review

1.1 Introduction

In recent years, the golf industry has been searching for more objective and
technical means of characterizing golf shaft performance. Conventional terms and
methods used in the industry have been shown to not accurately describe shaft
performance; they remain too subjective and the methods by which they’re determined
lack consistency throughout the industry [1]. As a result, attempts are being made to
better quantify and “fit” the performance of a certain shaft to a specific golfers swing.

Currently there are two basic attributes used in evaluating golf shaft performance.
These two attributes are also the cornerstones on which the shafts are marketed and sold.
They consist of measures of the shafts flex ,or*stiffness,” and “kickpoint”. There are a
wide range of experimental tests and methods used to measure these characteristics.
What Chapter 2 will show is that a majority of these experimental tests can be accurately
modeled using elementary beam finite element models. This is accomplished through an
initial knowledge of the shafts “bending profile” or “EI curve”. The “bending profile” or
“EI curve” is becoming a standard in the industry for benchmarking shaft designs [2].
Prior knowledge of this bending profile is what the elementary beam models rely upon.
This will be discussed in further detail in Chapter 2.

Stemming from the bending profile and its increasing importance to the overall
evaluation and design of golf shafts, an optimization study is also undertaken to find the
optimal bending profile for a given golf swing. Certain design variables of the golf shaft

are dynamically studied and optimized using a full-swing finite element simulation in LS-



DYNA. Unlike the static analyses of Chapter 2, the complete dynamic response of the
shaft is evaluated and optimized. The details of the finite element model and of the
optimization are presented in Chapter 3. The following section will provide a broad

technical review of golf shafts.
1.2 Literature Review

Perhaps the best paper to lead this review is by G.P Horwood, “Golf Shafts — a
technical perspective” [3]. Horwood acknowledges the impact of the golf shaft on the
overall golf swings performance, while also acknowledging the extreme difficulty with
finding consistent and technically sound ways of characterizing this performance. He
wamns of the sometimes extreme marketing hype that is used in the industry which leads
golfers into believing that there are certain shafts fitted “perfectly” for their individual
swings. He explains on a very simple level, that the characteristics of a golf shaft that are
of most importance are the golf shaft’s bending and torsional stiffness. In the golf swing
the inertia of the club head coupled with the offset of the club head center of gravity are
what influence the golf shaft dynamics in the golf swing.

In the paper by Chou and Roberts the accuracy of three popular methods for the
measurement of a golf shafts “kickpoint” are analyzed [1]. In their study three steel and
three graphite golf shafts with a wide range of kickpoints were chosen. The six drivers
were then subjected to machine testing. The goal was to relate the changes in ball
trajectory to the variations in shaft kickpoint. Classical golf theory has always suggested
that the degree and location of a golf shafts kickpoint has a direct influence on ball
trajectory. However, the conclusions made by Chou and Roberts showed a poor

correlation.



Wallace and Hubbell examined the influence of golf shaft stiffness on the swing
kinematics and dynamics of a group of amateur golfers [4]. Each golfer was asked to hit
3-10 shots with each of 3 different 5-irons varying only in shaft stiffness. Variables
considered in the study included club head speed, handicap, ball speed, clubface angle,
swing-path angle, as well as a few others. Although this study provided and reaffirmed
some of the general conclusions made about the differences between low and high
handicappers, it failed in drawing any sound conclusions in regards to shaft stiffness.
This was due to analyzing the golfers as a group, rather than looking at how shaft
stiffness might affect an individual golfer. Wallace and Hubbell also acknowledged that
the study did not take into account important launch conditions like ball launch angle and
spin rate.

The work by Butler and Winfield attempts to find a better understanding of shaft
dynamics in the downswing along with finding key variables that affect the dynamic
performance [5]. Their study consisted of a finite element model along with certain
experimental measurements of shaft deflection and twisting during the downswing. The
finite element beam model developed by Butler and Winfield helped to show the
influence of the club head’s offset center of gravity to the twisting of the shaft. The first
mode of the shaft was analyzed-and a simple correlation was made between the deflection
of the shaft and the coupled twisting of the club head. The most significant portion of the
paper was the experimental measurements that provided some very basic insight into the
shaft deflection in the downswing. Measurements of the “lead/lag” deflection which
occurs in the actual plane of the golf swing and measurements of the “toe up/down”

deflection occurring in the out of plane direction were made for 3 varying swing types.



The conclusions certainly helped in finding a better understanding of the dynamics of the
golf shaft. Butler and Winfield also acknowledged the importance and possible use of
such measurements for club-fitting.

Brouillette details three non-destructive methods of measuring the flexural
rigidity distribution along the length of a golf shaft [6]. These are alternative and out-
dated methods for measuring the EI profile referred to in Chapter 2. The methods
discussed by Brouillette are sound and may have influenced the current method used in
the industry today.

Mase documents a new method, which is quickly becoming industry standard, for
measuring the EI profile of golf shafts [2]. The paper details a method for correction of
the radial deflections when measuring the bending stiffness profile or EI profile of golf
shafts (see Sec. 2.1.2).

The work by Friedman and Kosmatka is mentioned here to support the elementary
beam modeling in Chapter 2 [7]. The models were developed using simple Euler-
Bermoulli beam finite elements. Initially the frequencies of the shorter beam models,
those having a somewhat larger aspect ratio, were found to be too stiff. It was originally
thought that due to the beams shorter length that the shear effects could not be neglected.
This led to the investigation of Timoshenko beam finite elements. Figure 1 in Chapter 2
is referenced from the study. This figure proves that even the shortest shaft lengths
examined in the study can be accurately modeled by Euler-Bernoulli finite elements.

The work by Lee and Kim is one of the very few optimization studies directly
applied to golf equipment [8]. In it they detail an optimization method for graphite golf

shafts. The objective function is to minimize the torque of the shaft, while satisfying



certain constraints like flex, “kick point”, and weight requirements. This is accomplished
using a finite element model developed in ABAQUS interfaced with genetic algorithm

type optimization software specifically for composite materials called DARWIN.



2 Shaft Modeling

2.1 Overview

There are a number of technical tests and methods used in the golf industry that
attempt to measure golf shaft performance. Bending stiffness, torsional stiffness,
kickpoint, durability, and conformity to the Rulgs of Golf are major factors in shaft
design and manufacture. In this thesis, two main areas of shaft performance were
considered: a measure of the shaft’s overall stiffness behavior, and a measure of the
shafts “kickpoint” or “flexpoint” behavior.

What this chapter will show is that the majority of these tests, which in some
cases involve rather intensive and elaborate experimental setups, can be accurately
modeled analytically by using beam finite elements. Conclusions drawn from these
models can also be used to validate or reject their relevance in describing shaft behavior.
And in some cases the models can even eliminate the need for experimental testing,
thereby reducing the time and cost of such testing.

The following sections provide an introduction to the models. Basic beam theory
is reviewed and important assumptions and key points in the modeling are discussed.
The models were implemented using the MATLAB program version 7.0.0.19920 (R14).
2.1.1 Beam Theories: Classical Euler-Bernoulli and Timoshenko

The Euler-Bemnoulli and Timoshenko beam theories are two of the most
commonly used beam theories in structural mechanics problems. However the

underlying assumptions found in the two theories are slightly different.



In the Euler-Bemoulli theory shear effects are neglected and as a direct result the
cross-section of the deformed beam must remain plane and normal to the longitudinal
axis. On the other hand, the Timoshenko theory includes shear effects, therefore
allowing the cross-section to remain plane but not necessarily normal to the deformed
axis. For slender beams, those defined as having a beam-thickness-to-length aspect ratio
much less than one-tenth (h/L<0.1), the Euler-Bernoulli beam theory tends to give good
approximations because transverse shear deformation is negligible. However, as the
beam becomes thick and non-slender (0.1<h/L<1.0) transverse shear deformation must be
included and the Timoshenko model should be considered [7]. The figure below is

borrowed from Reference [7] and summarizes their conclusions.
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Figure 1. First transverse bending natural frequency of a simply-supported beam
as a function of beam-length aspect ratio (4/L) (From Friedman and Kosmatka [7])



At the outset of the study there was doubt as to which theory was most
appropriate for modeling the shorter golf shaft lengths. The initial results from the
models of the shorter shaft lengths were overly stiff and it was thought that the
Timoshenko theory would provide better results. However, according to the figure
above, it was concluded that the traditional Euler-Bernoulli theory should be sufficient
and accurate. The overly stiff predictions were later attributed to the boundary
conditions, as discussed in the sequel.

When considering the cantilevered golf shafts in this study, the shortest length is
15 inches while the shaft diameter is approximately 0.5 inches. This gives a beam-
thickness-to-length aspect ratio no larger than 0.03. Therefore, the Euler-Bemoulli beam
theory is assumed appropriate and is used in the development of all finite element
models.

For a more detailed look at the finite element formulations of both the classical
Euler-Bernoulli theory and the Timoshenko theory, see Reddy [9].

2.1.2 Shaft EI Measurement

A fairly technical approach to help characterize shaft performance is to measure
the shaft’s “bending profile” or “EI curve” (E = modulus of elasticity, / = moment of
inertia or second moment of area). As will be seen, this EI curve is the key to the
development of all finite element models in this part of the study. The data found from
these measurements are direct inputs to the finite element models. A brief description of
the method used in obtaining these measurements is now discussed.

The modulus of elasticity is a measure of material stiffness and moment of inertia

is a measure of material distribution. Together, they make up a structural stiffness per



unit length. True stiffness, EI/L, is not used since a constant span length of 250 mm is
used in the experimental apparatus. The profile consists of a series of bending
measurements taken along the length of the shaft. From end to end, incremental spans of
the shaft are subjected to what is called a three point flex test; two ends are simply
supported while a point load is applied at the mid-span. Under this type of loading, a
simple mechanics of materials relation can be used to provide a local estimation of the

shaft’s bending stiffness or EI.

_PL*
483,

EI (2.1-1)

Here P is the applied load, L is the span length, and J. the beam deflection at the mid-
span. Figure 2 is an example showing a schematic of the flex test. The actual test

machine for measuring shafts is shown in Figure 3.

50N S0N

100 N

Figure 2. Diagram of flex test applied to a segment of golf shaft.



Figure 3. Device for measuring EI profile of golf shafts.

These bending profiles provide insight into how the shaft’s bending stiffness changes
along its length. This information becomes the foundation for modeling the golf shaft.
2.1.3 Assumptions of Shaft Mass

Another key assumption made in the modeling is in regards to the golf shaft mass.
The mass is assumed to be distributed evenly along the length of the shaft. Table 1
shows the relationship between the shaft mass and its distribution about its balancing
point. These shafts were selected in order to include the range of weights and designs
currently available. The numbers reported are an average of n different shafts that were

measured.

Table 1. Graphite driver balance points for differing mass shafts.

Shaft Mass, g Balance Point %
Graphite Shaft 1 (n=4) 54.75 51.9
Graphite Shaft 2 (n=4) 65.5 52.2
Graphite Shaft (n=3) 70.3 51.4
Graphite Shaft (n=3) 82 53.1




The mass of both steel and graphite shafts are distributed quite evenly about the
balance point. Further support for this assumption stems from the inverse relationship
between a typical shaft diameter and its thickness.

In the subsequent finite element models, the mass per unit length p, is calculated
as an average for each shaft and is found by dividing the recorded shaft mass by the
overall length. Table 2 shows the 12 shafts used in the models and their assumed mass

per unit length.

Table 2. Mass per unit length of the 12 shafts modeled.

Length  Weight Mass per unit

Model  Flex ") (@ Length (kg/m)
YS-6 R 46 63 0.0539
YS-6 S 46 64 0.0548
YS-6 SX 46 65 0.0556
YS-6 X 46 65 0.0556
YS-6 X 46 68 0.0582
YS-7 R 46 76 0.0650
YS-7 S 46 77 0.0659
YS-7 SX 46 78 0.0668
YS-7 X 46 78 0.0668
YS-7 X 46 79 0.0676

YS-8.1 S 46 86 0.0736

YS-8.1 SX 46 87 0.0745
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2.2 Calculation of Golf Shaft Zonal Frequencies

2.2.1 Background

The shaft’s first natural frequency at various cantilevered lengths are measured
and are referred to as “zonal frequencies” in industry. The frequencies at cantilevered
lengths of 991, 787, 584, and 381 mm (39, 31, 23, and 15 inches respectively) are
determined experimentally using a modified Fujikura frequency machine (Figure 4).
These “zonal frequencies” are being used as yet another way to characterize shaft

stiffness and performance.

Light Sensors Clamping
Air Cylinders

205 g Weight

Figure 4. C frequency

(Fujikura) used for measuring zone
frequencies.

Currently, as the popularity of these new methods increases and as new shaft
designs are constantly emerging, large databases must be kept to include the measured
data. The following will show that a simple beam finite element model can accurately

predict the zonal freq ies from the d bending profile. Thereft ducing the

&




time and cost associated with experimentally measuring the zonal frequencies. The finite
element formulation and complete description of the model will be highlighted followed
by a comparison of numerical results for 12 shafts.

2.2.2 The Finite Element Model

The golf shaft is modeled as a cantilever beam with a point mass included at the
tip to represent the club head. Like most cantilever beams, the original model was
clamped at one end having both the transverse and rotational displacement of one node
constrained. However, as it will be explained in the results, this original model had to be
modified. The constrained end of the shaft was remodeled to include a simple support
along with a stiff rotational spring. The simple support continued to constrain the
transverse displacement, but the rotational spring was needed to model a small amount of
compliance in the rotation of the joint.

The discretization of the beam is accomplished using a number of Euler-Bernoulli
finite elements. Use of simple Euler-Bernoulli beam elements was justified in Section
2.1.1. A typical depiction of the element can be seen in Figure 5. Each element has two
nodes each with two degrees of freedom; a transverse displacement w, and a cross-section

rotation 6.

01 w) w2 02

(=

Figure 5. Beam element degrees of freedom.
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The formulation of the stiffness matrix and the mass matrix for a single element
can be found in many introductory finite element textbooks [9,10]. It will be briefly
summarized here for the sake of completeness.

The strong form of the Euler-Bernoulli free vibration equation is given as

azw 9? 9w
El =0 2.2-1
PP ( PYE ) @2D

where py is the mass per unit length, EI the bending stiffness, and w(x,) the transverse
displacement of the beam. The strong form here requires the solution of w(x,¢) to be of
the C4 type having continuous 4™ order derivatives. The weak form, as it will be shown,
will allow this restriction to be “weakened” to require a solution of C2 type, which
requires only continuous 2" order derivatives.

To arrive at the weak form of the equation, Equation 2.2-1 is multiplied by an
arbitrary test function -u_)(x,t) and integrated over the domain. Provided that the test
function is zero wherever an essential boundary condition exists; the final result

simplifies to

9w 3w
a 2

ij wdx+IEI dx=0 (2.2-2)

where the domain is considered over the entire length of the member.
The next step is to then discretize the weak form of the equation. The
displacement across each element is assumed to take on the form

w(x,t) = N (x)w, () + N,(x)6,(2) + N;(x)w, () + N ,(x)6,(¢) (2.2-3)
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where N, N,, N3, and N, are Hermitian cubic interpolation functions (also called shape
functions). These are time independent and are used to ensure continuity across the
elements.

Using the discretization above in the weak form yields the finite element mass

and stiffness matrices. The entries are given by the following

L
Mg =[N (5)Ny()ds @, f=1234 (2.24)
0
t 92N, (s) 0’ N4(s)
! El—f——t—ds a,f=1234 (2.2-5)

“ "
S

where a local coordinate system “s” has been introduced for ease in computing the
relative entries.
The resulting consistent mass and material stiffness matrices for a single Euler-

Bemoulli finite element are

12 6L -12 6L

EI 41* -6L 2I?
K, =— 2.2-6
Mop 12 -6L (2.2-6)
symmetric 4r*

and

156 22L 54 -13L

2 _ar?
M= p.L 4L° 13L -3L 2.2-7)
420 156 -22L
symmetric 41}

where L is the element length, and the mass per unit length p, and bending stiffness EI
are assumed constant over the element.
As seen in the matrices above, approximations in the model are needed for each

element’s bending stiffness EI, and mass per unit length p.. The latter of the two is
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approximated by dividing the total mass of the shaft by its length, giving an average
value of p for all elements. This is a fair approximation because the mass along the
length of the shaft can be considered relatively constant (see Sec. 2.1.3).

The approximation for each element’s bending stiffness comes from prior
knowledge of the shafts bending profile (see Sec. 2.1.2, [2]). This measured bending
profile or EI curve provides approximate values of the shaft’s bending stiffness along its
length. The shaft is flexed over a 250 mm (10 in) span and a load ranging from 67 to 100
Newtons (15-23 1bs) is applied to the mid-span. This procedure is repeated every 50 mm
(2 in) along the shaft up to 975 mm (39 in). The location of the point load is taken as the
point at which the bending stiffness is evaluated. The table below details the location of

each measurement taken along the shaft.

Table 3. Standard number of EI measurements made along the length of a golf

shaft.
Location of
El Measurement Applied Region
Measurement from Tip End of Shatft in
Number (mm) Models (mm)
1 125 0-150
2 175 150 - 200
3 225 200 - 250
4 275 250 - 300
5 325 300 - 350
6 375 350 - 400
7 425 400 - 450
8 475 450 - 500
9 525 500 - 550
10 575 550 - 600
11 625 600 - 650
12 675 650 - 700
13 725 700 - 750
14 775 750 - 800
15 825 800 - 850
16 875 850 - 900
17 925 900 - 950
18 975 950 - 1000
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Also shown in Table 3 are the regions of shaft in the model over which each
measurement is assumed to apply and be constant. For example, the first measurement
taken near the tip of the shaft at 125 mm is applied to the first 150 mm of the shaft in the
model. These regions helped determine where elements should be divided and placed.
As it turned out, dividing each region into two elements was sufficient enough for the
frequencies to converge. All elements, except for those at the very ends of the model, are
25 mm in length.

Various cases were studied to test the validity of the models meshing as well as
the logic used in assigning the EI measurements to regions. The original mesh was
refined to contain twice the number of elements and there was a negligible change in the
frequencies. In another case, the EI measurements were fit with a 4™-degree polynomial
aiming to smooth the transition of the EI values between elements. This was also shown
to have a negligible change in the resulting frequencies.

2.2.3 Numerical Results and Discussion

Given the bending profile data for 12 graphite-epoxy shafts, the zonal frequencies
for each shaft could be computed using the finite element model presented. Results from
the original clamped model and results from the model using the rotational spring are

presented. Details of the various models are shown in Figure 6.
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Different Boundary

Conditions Model Details

Zone 1 -991 mm

36 beam elements §

Cantilevered | Zone 2 - 787 mm

end 28 beam elements §
Zone 3 - 584 mm
z@ 20 beam elements ;

Simple end
with torsion | Zone 4 - 381 mm

spring 18 beam elements @

Figure 6. Summary of model details and boundary conditions.

The results from the original clamped model can be seen in Figure 7. The

d zonal freq; ies are pared to the experi lly d freq;
Computed Zonal Frequencies Measured Zonal Frequencies
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Figure 7. Results from the original clamped model pared with experi I

measured values for the 12 shafts listed in Table 2. The zones correspond to the
different cantilevered lengths while the bars are the frequency values.



The computed frequencies become overly stiff as the shaft length shortens. The
average error for the first zone is less than 1 percent, while the error for the second, third,
and fourth zones increases to 2.44, 5.94, and 13.35 percent, respectively. This led to a
closer inspection of the experimental equipment used to measure the frequencies.

The Fujikura machine was found to have a small amount of compliance in the
clamped joint. The joint was in-effect, only semi-rigid. The air cylinders used for
clamping the shaft make measurements easily and quickly attainable, but build in this
small amount of compliance. Therefore, the original finite element model was modified
to account for this small, rotational flexibility and a rotational spring was added to the
end node. The stiffness of the clamp was measured and the following figure shows the

linear fit of the stiffness value.

Fujikura Clamp Stifiness
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Figure 8. Measured clamp stiffness of Fujikura frequency machine.

19



Using the measured rotational stiffness in the finite element models greatly
improved the error in the measurements of the shorter lengths without altering the
accuracy of the longer lengths. Figure 9 shows the corrected frequency plots with the

average error listed above each zone.

Computed Zonal Frequencies Measured Zonal Frequencies
900
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700
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€ €
a &
e £ 500
I =
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o

Figure 9. Zonal frequencies corrected by addition of rotational spring.
Although the error at the shorter shaft lengths does improve significantly, it still

falls short of accurately predicting the frequencies for zones 3 and 4. Further modeling

1 f h

and investigation of the is needed. Other sources of error

contributing to this discrepancy could involve the experimental measurement device.
The light sensor may have difficulty measuring the higher frequencies, therefore under-

predicting the measured results.
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2.3 Modeling of Kickpoint

2.3.1 Background

A golf shaft’s “kickpoint”, also referred to as “flex point” or “bend point”,
remains an issue of much debate in the golf industry. There are many terms, and just as
many methods that are used in hopes of characterizing this aspect of golf shaft
performance. The goal is to effectively relate the degree and location of a golf shaft’s
“flex” during the downswing to the resulting ball flight and trajectory. It is thought that a
shaft with high “kickpoint” will result in lower ball flight, whereas a low “kickpoint” will
result in higher ball flight.

One of the many proposed methods for determining a shaft’s “kickpoint” is by
analyzing its buckling behavior. This test consists of applying an increasing axial load to
the shaft until buckling is reached. The evaluation of the shaft’s “kickpoint” is then
found from the buckled shape of the shaft. The maximum point of deflection and the
corresponding location are then used to quantify and characterize the shaft “kickpoint”.

Yet another method that will be modeled in the sections that follow consists of a
simple static test. The shaft is clamped near the butt end and a specified load (usually of
2-1b or 8.9N) is hung from the tip of the shaft. A string is then connected between the
two ends of the shaft creating a line of reference. The point at which the shaft is furthest
from the string is noted and used as a relative evaluation of the “kickpoint”. The static
test remains controversial and has fallen short of being an accurate means of describing

“kickpoint” as the finite element model will show.
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232 Buckling ~ Finite Element Model

By definition, buckling is the bifurcation or branching of equilibrium states from
stable to unstable. The analysis most commonly used in engineering practice with
respect to buckling is what is known as linearized prebuckling analysis (LPB) [11,12]. In
this analysis, solving a traditional linear algebraic eigenvalue problem involving the
tangent stiffness matrix K can assess the stability of a structure. The resulting
eigenproblem yields the magnitude of the load at which buckling occurs (lowest
eigenvalue) as well as the corresponding buckled shape of the column (corresponding
eigenvector). The key steps and assumptions in LPB will be briefly summarized.

In LPB analyzing the tangent stiffness matrix K, assesses the stability of the
structure. Here y; and z; are the i™ eigenvalue and eigenvector, respectively, of the
matrix.

K.z, =1yz, (2.3-1)
Since the tangent stiffness matrix is real symmetric all of its eigenvalues are therefore
real. However as certain parameters are varied, in most cases the loading of the
structure, the eigenvalues y; of the tangent stiffness matrix change and the matrix. can
become singular.

K, =K, (1) (2.3-2)
It is at this point, where the system transitions from a region of strong stability (; > 0) to
neutral stability and singularity (x; > 0) and into instability (4; < 0). The point at which
the matrix becomes singular is therefore considered to be the cn'tical' value denoted as A

detK, (4,)=0 (23-3)

Loading the structure beyond this value initiates bifurcation and the structure will buckle.
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The exact formulation of the buckling problem involves the decomposition of the
tangent stiffness matrix K; into the material and geometric stiffness matrices Ky and Kg,
respectively.

K=K, +K; (2.34)

The material stiffness Ky is a function of the physical properties in the element and is
constant, whereas the geometric stiffness K¢ is dependent upon the load in the element.
As noted above the stability test requires that K be singular, which leads to the final form
of the stability eigenproblem.

K,z =(K, +4K;)z, =0 (2.3-5)
The critical loads required for buckling can now be obtained directly from the solution of
the above equation. The eigenvalue 4; closest to zero is the lowest critical load needed to
reach buckling, while the corresponding eigenvector z; is the buckling mode shape.

In the analytical model presented, each shaft is again discretized into a sufficient
number of classical Euler-Bernoulli beam elements. The shaft length used in the model
is 1.05m (41.5 in). The element material stiffness matrix was given previously in

Equation 2.2-6 but is repeated here along with the exactly integrated geometric stiffness

matrix [10,12].
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12 6L -12 6L

4 -6L 20
K, =E—31 (2.3-6)
L 12 -6L
symmetric ar
and
36 3L -36 3L
4! -3L -I
K, =~ 2.3-7)
30L 36 -3L
symmetric 4*

where P is the axial force in the element. In the simple case of modeling the golf shaft,

the structure is statically determinate therefore allowing P to equal the applied load.

With the element matrices defined, the final steps involve assembling the global
matrices and applying constraints to the model. The ends of the shaft are constrained by

simple supports or pins eliminating their translational degrees of freedom.

The accuracy of the model was verified through comparison with the well known
Euler’s method, published in 1744. For a uniform beam/column of constant material and

geometric properties subjected to an axial load, Euler’s Formula gives the lowest critical

buckling load.
_Enr (2.3-8)

Fcr - Lz

The beam used as a test case in the model had a bending stiffness of EI = 50 Nm and a

length of 1.05m (41.5 in).
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Figure 10. Comparison of FE model solution with that found by Euler.

Figure 10 shows the buckled mode shape compared with the theoretical solution

obtained by Euler. The comparison of the critical loads is shown below where the

superscript E represents the solution found using Euler’s Formula.

F,=444.126N  Ff =444.126N (2.3-9)

The results from the finite element model are in complete agreement with the

results found by using Euler’s Method.

Buckling ~ Numerical Results and Discussion

Given the bending profile data for the group of 12 shafts, the critical buckling

loads F,, and the location of maximum deflection could be computed using the finite

element model and LPB analysis presented.
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Table 4 shows the calculated critical loads for each shaft, the location of
maximum deflection from the tip end, as well as each shafts industry labeled stiffness.
As seen, the magnitude of the critical load is directly related to the stiffness of the shaft

but there is no discernable relation with the points of maximum deflection.

Table 4. Critical buckling loads, locations of maximum deflection, and labeled
stiffness for each shaft (measured from tip).

Pt of Max.

Deflection Stiffness
Fer (N) (m) Label
279.75 0.456 R
305.43 0.459 S
316.66 0.448 SX
343.11 0.453 X
365.18 0.456 X
274.55 0.464 R
311.89 0.464 S
330.91 0.464 SX
332.57 0.465 X
339.69 0.468 TX
302.58 0.46 S
325.28 0.462 SX

The range of values shown for the locations of maximum deflection is very small,
therefore making the characterization of the shafts “kickpoint” very difficult. This fact is
well known to those in the golf industry.

2.3.4 Static Test ~ Finite Element Model

The static test for determining flex point can be modeled as a simple cantilever
beam subjected to a tip load. The unknown displacements w are found from the solution
to the equation below

Kw=F (2.3-10)

where K is the global material stiffness matrix and F the equivalent nodal force vector.
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As in the other models, the shaft was discretized into a sufficient number of
Euler-Bemnoulli finite elements. The element material stiffness matrix K,, was given
previously in Equation 2.2-6, and the global matrix K was assembled from each element

stiffness matrix Kp,.

The only applied force in the model is the tip load of 0.907-kg (2-1b), which was
modeled as an equivalent nodal force in the transverse direction. The equivalent nodal
force vector therefore consists of only one non-zero entry corresponding to the node at
the tip of the shaft.

The accuracy of this model could be verified through comparison to a well-known
strength of materials solution. Given a uniform cantilever beam subject to a tip load, the

exact solution for the maximum displacement is given by

P2
3EI

(2.3-11)

Waax

where P is the applied load, L the length of the beam, E the young’s modulus, and I the
moment of inertia. The beam used to validate the model had a length of L = 1.05m, load
of P =10.0 N, and combined stiffness EI = 50 Nm”. The maximum displacement was
calculated to be -0.0772 m and compares exactly with the result from the strength of
materials solution.
2.3.5 Static Test ~ Numerical Results and Discussion

Given the bending profile data for the group of 12 shafts, the location of
maximum deflection could be computed using the static finite element model presented.

Table 5 summarizes the results.
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Table 5. Results of Static Test (measured from tip).

Pt of Max.
Deflection Stiffness
(m) Label

0.537 R
0.54 S
0.531 SX
0.536 X
0.539 TX
0.543 R
0.542 S
0.543 SX
0.544 X
0.547 X
0.538 S
0.541 SX

As with the buckling results, the static test results are also inconclusive and lend

little insight into characterizing or making any kind of distinction regarding “kickpoint”.
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2.4 Summary of Shaft Modeling

It has been shown that many of the golf industry tests used to characterize golf
shaft performance can be modeled and studied. With prior knowledge of the shaft’s
bending profile or EI curve, a number of these industry standard tests can be modeled.

The zonal frequencies test, which serves to characterize overall shaft stiffness,
was first modeled. The calculation of the zonal frequencies matched well with the
experimentally measured values at the lower shaft zones, with a slight over-prediction at
the higher zones. Further investigation of the Fujikura frequency machine is
recommended in order to pinpoint the cause of this error.

The purpose of the next two tests modeled was to help characterize shaft
kickpoint. This term is rather loosely defined and its measurement has never been
standardized across the industry. It was shown that modeling of these two tests is
possible; however their inconclusive results proved that their relevance in describing this

property of golf shafts is rather poor.
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3 Optimization using Commercial Codes

3.1 Overview

In the previous Chapter it was shown that certain tests and methods used for
measuring and quantifying golf shaft performance can be easily modeled and studied
analytically. The characteristics of the shaft’s stiffness and bending properties were
studied without concern for the dynamics of the shaft in an actual golf swing. In the
current Chapter a broader study is undertaken, in which the shaft is dynamically modeled
and optimized using the full-simulation of a golf swing. During the optimization,
parameters of the golf shaft are varied and the performance is measured by the launch
and spin characteristics of the golf ball after impact.

Dr. Tom Mase of the Composite Materials & Structures Center at MSU provided
the initial finite element model used in the study. It was originally created by Dr. Mase
to model the mechanical swing machines used in the golf industry affectionately known
as “Iron Byron”. However it soon became apparent that the model could also be utilized
in an optimization study of the golf shaft bending stiffness. The initial model was then
modified accordingly.

The swing is simulated using LS-DYNA, which is a commercially available finite
element software capable of nonlinear dynamic analyses. The club and golf swing are
modeled as well as the golf ball and its impact with the club during the swing. LS-
DYNA was chosen for this simulation because of its specific capabilities of modeling
contact-impact interfaces. The software originated from a need for the stress analysis of

structures subjected to various impact loadings. The overall model consisted of the ball,
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the club head and shaft, and rigid connections used to represent the arms, wrists, and
hands. Details of the model will be fully explained in the following sections.

The optimization of the golf shaft was accomplished through interfacing the LS-
DYNA swing simulation with the commercial optimization software HEEDS
(Hierarchical Evolutionary Engineering Design System). Parameters of the shaft
stiffness were changed in each swing by HEEDS and each evaluation’s performance was
measured until optimal solutions were reached. Each run of the swing simulation was
evaluated under certain constraints and objectives concerning the golf ball flight and spin.
Further details and the results of the optimization will be discussed in later sections as

well.
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3.2 The “Silicon Byron” Model

3.2.1 The Shaft

The golf shaft was modeled in LS-DYNA using 3-node beam elements. The
material was declared as linear elastic. There were a total of 37 beam elements, which
made up 32 distinct sections (Table 6). Each section contained specific geometric
properties that were used as variables in the optimization study. Details on the use of
these sections and variables will be discussed in detail in the following section on
optimization. The particular initial design for the shaft was taken as a long time popular
steel stiff shaft (True Temper Dynamic Gold S300). In the next subsection, the parts of
the robot are briefly described. Following that, a subsection is presented that describes
the time varying moments that were applied to the rigid bodies to drive the model and

thus swing the club.
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Table 6. Elements and corresponding sections of the shaft.

Element # Section ID # Length of Section (in)

1

2 4 6
3

4

5 5 3
5 6 3
7

8* 7 1
9* 8 1
10* 9 1
11" 10 1
12* 11 1
13* 12 1
14 * 13 1
15" 14 1
16 * 15 1
17 * 16 1
18* 17 1
19* 18 1
20* 19 1
21" 20 1
2* 21 1
23* 22 1
24* 23 1
%" 24 1
26" 25 1
27* 26 1
28" 27 1
29* 28 1
30* 29 1
N* 30 1
32* 31 1
33* 32 1
34" 33 1
35" 34 1.2
36

3 35 38

* Elements used as variables in the optimization ___
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3.2.2 The Club head

The club head was modeled after the majority of drivers currently in the industry
(circa 2004) having a volume of 360 cc. It consisted of eight different parts all of which
were meshed using 4-node shell elements. Different parts were used to model the
different wall thicknesses of the hollow club head. The wall thicknesses generally vary
from around 1 mm on the top of the club, the crown, to 2.3 mm in the face of the club
head. All parts, except one, were modeled using the plastic kinematic hardening material
in LS-DYNA. This type of material declaration was used to model the high-strength
titanium used in most golf club drivers. The final part, which was the hosel where the
club head meets the shaft, was modeled as a rigid part. The club head was attached to the
shaft in the model by constraining two common nodes and, this material choice was
selected solely for joining the club head to the shaft. In the club head to golf ball impact,

the hosel does not experience much stress or deformation.

Table 7. Club head components.

Thickness
PART # Component of Clubhead  Material (mm)
1 Face Titanium 2.41
2 Crown Titanium 1.52
3 Sole Titanium 2.54
4 Backplate Titanium 1.52
5 Hosel Steel 229
6 Heel Titanium 1.52
7 Toe Titanium 1.52
8 Face/Sole Interface Titanium 2.79

3.2.3 The “Arms”, “Wrists”, and “Hands”
The arms in the swing simulation were represented by a rather section of solid 8-
node elements. The elements were all modeled rigidly since in an actual golf robot these

elements are made of substantial steel parts. Their true purpose in the model was to
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provide a foundation for the applied moments used to initiate and drive the motion of the
arms in the mechanical swing of the “Iron Byron”. The block representing the arms is
fixed at one end and a moment is applied to the center of mass.

Like the arms, the wrists were rigidly modeled using 8-node solid elements and
again their purpose was to provide a foundation for the applied moments in the model.
This block of elements was constrained to revolve around a node at the end of the arms.
The loading applied to this block of material helped represent the motion of the wrists in
the simulation.

The grip was also rigidly modeled and consisted of 4-node shell elements. On the
physical Iron Byrons, the grip is a collet mechanism that holds the grip of the club. The
shell elements contained in the grip surround the first 10 inches of the shaft in the model.
The grip played the role of the hands. It provided a location for the wrist-rolling moment
in the golf swing. A load was applied to the grip of the shaft, which allowed the golf club
to roll over towards the ball at impact, thus simulating the hands of the mechanical “Iron
Byron”.

3.24 The Swing: Loading, Joint Definitions, Contact Definitions

The loading in the golf swing consisted of 3 applied time varying moments
sufficient to independently drive the arm, wrist release, and wrist roll motions. As hinted
at above, one was applied to the rigid part acting as the arm, one to the part acting as the
wrists (wrist release), and one to the grip which acted as the hands (wrist roll). In the
finite element model, magnitudes of the moments were defined using 3 separate load
curves. These load curves had to be carefully iterated and tested to ensure that the swing

in the simulation resembled the swing of the mechanical “Iron Byron”. They were also

35



used to ensure that the club rotated correctly towards the ball making a relatively square
impact. The overall club head speed measured at impact in the swing simulation was
approximately 120 mph.

The joint definitions in the model also played a role in fine-tuning the swing by
allowing for a choice of the wrist release time as happens in the real golf swing. The
arms were connected to the wrists by creating a revolute joint in LS-DYNA. Therefore,
the part acting as the wrists can revolve around a certain point near the end of the arms.
Similarly, the end of the grip was also constrained to revolve around a certain point at the
wrists. At the beginning of the simulation the arms, wrists, and grip were all in a locked
position and the revolute joints were locked until certain times in the swing. This allows
the arms to start the overall downswing. As the block representing the arms rotates due
to the applied moment the revolute joint at the wrists unlocks and the club starts
revolving around the arms and the wrists. At a final time in the swing, the joint between
the wrists and grip unlock and the shaft rotates towards the ball just before impact.

The contact definition between the ball and club head became active in the model
when the clubface meets the ball. Both the static and dynamic coefficient of friction
values used were 0.3. To save computation time, the ball and club head were switched
from deformable to rigid bodies at the beginning of the simulation. Upon ball - club
head contact, the club head and ball switch back to deformable for the duration of impact.
Once the ball leaves the club head, both were switched. This rigid — deformable
switching dramatically cuts down on the computation time required for each simulation

of the swing.
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3.2.5 The ball

The golf ball in the model consisted of 4 parts, all of which were meshed using 8-
node solid elements. The outer layer was modeled as a linear elastic material (moderate
stiffness ionomer), while the remaining inner layers were all modeled using the Mooney-
Rivlin-rubber material model in LS-DYNA. Essentially, this was a two-piece ball model
having single cover and core since the common nodes were merged at time of meshing.
The extra parts can be used to model more complex ball designs having cover, mantle,

and core(s).
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3.3 HEEDS Optimization of Shaft Stiffness

3.3.1 Background/Aim

The optimization strategy presented in this part of the study hopes to establish a
method that not only evaluates the performance of various shaft designs but also aims to
discover unconventional shaft designs that may have been overlooked.

As shown in Chapter 2, the measure of a golf shaft’s “bending profile” or “EI
curve” is becoming a benchmark in the golf industry for the evaluation and comparison
of golf shaft designs. Some shafts are actually being designed to meet certain “bending
profiles”. The motivation for the optimization in this part of the study was to find
optimum “bending profiles” through evaluating a given full-swing finite element model.
The sections that follow explain the implementation of the optimization, its overall
objective function, as well as the results.

3.3.2 Baseline Design

In order to prepare the model for the optimization, a traditional shaft design
needed to serve as a starting point. This starting point, or baseline design, did not need to
satisfy the constraints and objective. However, using a reasonable starting point helped
to ensure that the overall swing simulation was consistent and accurate. Details of the
problem’s constraints and objective will be explained in later sections.

The figures below show the baseline design at different points in the simulation.
The different points shown in the figures below are also used to compare the behavior of

the optimal designs found in the optimization.
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Figure 12. Simulation at 0.15 seconds.
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Figure 14. Simulation at 0.37 seconds.
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Figure 15. Simulation at 0.41 seconds.

‘- :j

«\ ': >! "5»45‘ i .‘-: '. ¥

YR

Lx ‘ o

Figure 16. Simulation at 0.42 seconds.
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Figure 18. Simulation at 0.44 seconds.
The baseline shaft was modeled after a standard steel golf shaft (True Temper

Dynamic Gold S300). The shaft was cut into two inch segments and the radius and

thickness were measured. The moment of inertia could then be calculated for each
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section of shaft. The figure below shows a breakdown of the stiffness profile used in the

baseline design. The range of stiffness in this shaft is typical of most steel and graphite

shafts in use today.

Baseline Shaft Design

El stiffness (N-m"2)
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Figure 19. Stiffness profile of baseline shaft design.

3.3.3 Preparations for Optimization

The original model of the swing simulation needed to be modified in various
ways to prepare for the optimization and to keep each evaluation as consistent as
possible. One of the initial problems involved keeping the impact of the golf ball on the
center of the clubface while the stiffness of the shaft was altered from run to run during
the optimization. Changes to the stiffness of the shaft would result in minor changes to
the location of the club head and location of the resulting impact with the golf ball.

The solution implemented was to separate the LS-DYNA run into two distinct
parts. The first part of the simulation was run without the golf ball model. The run was
then terminated once a predetermined node on the center of the clubface reached a

prescribed location. This location then became the location of impact with the ball. At
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this termination point, a small Perl script was called that read the position of the
predetermined node on the clubface and then translated all nodes of the golf ball
accordingly to ensure that the ball made contact with the center of the clubface at impact.
This contributed to the consistency of each swing evaluation.

Having moved the ball to ensure it impacted the center of the clubface, the second
part of the simulation was run, which included the impact with the golf ball, and the
resulting launch and spin characteristics were then evaluated. A diagram detailing the
sequence of the simulation is shown below. The next section gives a detailed explanation

of the optimization problem.



1" Run

Golf ball not included

Run terminates once clubface reaches pre-
determined location

Location to become point of impact in 2™ run

Translation of Golf Ball

Peri script translates nodes of golf ball to
coincide with the center of the clubface atthe
termination location

2™ Run

Golf ball included
Run terminates shortly after impact
Rigid body data output

Figure 20. Sequence of swing simulation.

3.3.4 Optimization Problem Definition

To begin defining the optimization problem, the overall objective must first be
explained. As the stiffness and geometric properties of the shaft are changed in each run,
the resulting trajectory and spin characteristics of the golf ball are examined. The overall

objective is to minimize the golf ball’s backspin, while satisfying other important

constraints on trajectory, direction, and velocity magnitude.
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As mentioned in a previous section, the swing speed in the simulation was near
120 mph. This swing speed is typical of most low-handicap or professional golfers. At
these high swing speeds too much backspin becomes an undesirable characteristic. High
backspin causes the golf ball to “balloon” or have too much lift, and can cause
considerable losses in driving distance. Therefore the overall objective of the
optimization was to find shaft designs that minimize backspin while subject to other

constraints on trajectory, direction, and velocity magnitude.

Figure 21. Variables influencing backspin.

The backspin and trajectory characteristics of a golf ball are functions of a limited
number of variables in the golf swing. The figure above depicts the three variables that
directly influence backspin; the angle of attack ¢4, the clubface loft angle a3, and the club
head velocity V. These variables are also all functions of the dynamics of the golf shaft
during the downswing. In the downswing the shaft is in a bent back position and is

“kicked” forward towards the ball at impact. The degree of this action during the
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downswing is determined by the bending stiffness properties of the shaft. The goal of the
optimization was to investigate the feasibility of unconventional shaft designs that meet
the problem objective and that satisfy the basic launch and spin constraints.

3.3.5 Model Variables, Responses, and Constraints

To reiterate, the goal during the optimization is to vary the bending stiffness
properties or EI profile of the golf shaft. This was accomplished by keeping the Young’s
modulus, E, in the material definition constant while varying the moments of inertia Ixx
and Iyy in various elements in the LS-DYNA model. The moments of inertia Ixx and Iyy
are functions of the shafts geometric dimensions, which are the outer radius Ry and
thickness . These were the primary variables used in the optimization. The assumed
outer radius and thickness of each element were varied which in turn varied the moment
of inertia and the overall bending stiffness or EI profile of the shaft.

In Section 3.1.1 the details of modeling the shaft in LS-DYNA were discussed
and must be noted here. Provided in this section is Table 6, which shows those elements
and sections varied during the optimization study. The total length of the shaft was 44
inches. However, portions of the butt and tip ends of the shaft, 12 inches and 3.8 inches
respectively, were kept at the standard baseline values. This was a result of the ends of
the shaft needing to meet certain dimensions in order to comply with the Rules of Golf
and to also allow for the universal assembly of grips and club heads.

The entire mid-section, comprising 28.2 inches, was varied in the optimization
study. Over this length the assumed outer radius and thickness for each element were
varied. These values were then used to compute the relative entries needed as inputs to

the LS-DYNA simulation. They were the moments of inertia Ixx and Iyy, the polar
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moment of inertia J, and the cross-sectional area A. These were all functions of the
assumed outer radius and thickness of each element.

An important note to make is in regards to the torsional stiffness (similar to “EI”
but termed “GJ”) of the golf shaft. The polar moment of inertia J is indirectly varied
during the optimization, which causes the torsional stiffness to vary as well. As stated
earlier, the focus of the optimization is on the bending properties of the shaft, however
the changes in the torsional stiffness must be addressed and acknowledged. It was
assumed that changes in torsional stiffness during the optimization would most
dramatically affect the dispersion (directional) angle of the ball flight. Therefore a rather
liberal constraint was put on the dispersion angle as will be explained later in this chapter.
The torsional stiffness of the shaft was not a major design consideration, however future
studies may want to include the modeling of composite golf shafts where this property
can be independently studied and optimized.

The difficulty in constraining the outer radius and thickness along the shaft will
now be discussed. In each design evaluation, the radii and thickness along the length of
the shaft must remain continuous and must also converge upon the butt and tip radii and
thickness as well.

The solution found was to use a combination of polynomials to define the radii
and thicknesses along the length of the shaft. This would provide continuity and also
allow for the values to converge to their tip and butt end values.

In order to implement this in the optimization, a small MATLAB program was
created to make these intermediate calculations. The inputs to the program were a series

of coordinate points that were used to define the polynomials and therefore the shape and
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thickness of the shaft. Once the outer radii and thicknesses of the shaft were defined the
program’s outputs were then the moments of inertia Ixx and Iyy, which were then used as
inputs to the LS-DYNA swing simulation. The figures and equations below offer a
summary of this procedure. Example polynomials are given along with a table showing

the allowable range of the coordinate points in the optimization.

Example Polynomial for Radius (n=2,3,4)

0.5k « « & e e e e e e e e e e e e e e e e .
—— Blended Polynomial
04l —— Rmax ]
~—— Rmin
€
4 03— — - -— 7
£ ——
< S~
0.2 \—
0.1t 4
0 i 1 1 1 1
0 5 10 15 20 25

Segment of shatft optimized (in)

Figure 22. An example polynomial for the outer radius of the shaft. The maximum
and minimum allowable radius is also shown.
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Example Polynomial for Thickness (n=2,3)
0.04 T T T

—— Blended Polynomial (n=2,3)
- Tmax : 4
—— Tmin
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............................

0.01+ J

0.005
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1
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Segment of shaft optimized (in)

Figure 23. An example polynomial for the thickness of the shaft. The maximum
and minimum allowable thickness is also shown.

The radius was defined using a combination of 2™, 3™, and 4"’ order polynomials
(n=2,3,4 in title of figure). The coefficients for each respective polynomial were found
and then the polynomials were summed and averaged. The generic polynomials below

help to explain how this was accomplished.

A=ax’ +bx+c (3.3-1)
B=f’ +gx* +hx+j (3.3-2)
C=kx4+mx3+nx2+px+q (3.3-3)

In order to solve for the coefficients of each polynomial, given the two end conditions,
each required 1, 2, and 3 coordinate points respectively. The thickness on the other hand
used a combination of only 2™ and 3" order polynomials. Therefore the thickness

required 1 and 2 coordinate points for its solution. In all, defining the radius and
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thickness along the length of the shaft required a total of 9 x and y coordinate points,
therefore 18 overall variables.

A couple of notes must be made regarding the choice of polynomials and the
choice of maximum and minimum radius and thickness. The use of higher ordered
polynomials was not considered due to the number of variables already being evaluated.
More design variables would significantly increase the design space and therefore the
number of runs in the optimization. The maximum and minimum constraints on the
radius and thickness may also seem conservative but were chosen to meet certain
feasibility and manufacturability requirements.

Table 8. Coordinates needed to define polynomials with ranges used in

optimization. The X coordinates range over the length of shaft being optimized (0-

28.2 in) while the Y coordinates range over the radius and thickness values
respectively (all units in inches).

X1 Y1 X2 Y2 X3 Y3

Radius
n=2 8-20 0.1-0.4 -- -- - --
n=3 6-12 0.1-04 16 - 22 0.1-04 -- --
n=4 2-8 0.1-04 12-16 0.1-04 20-24 0.1-04
Thickness
n=2 10-18 0.01-0.03 -- -- -- --
n=83 6-12 0.01-003 16-22 0.01-0.03 -- --

The formulas for calculation of the moments of inertia Ixx and Iyy, polar moment
of inertia J, and area A of the shaft are given. The inner radius is simply found from

subtracting the thickness from the outer radius.

Iox = Iyy = %(R: -R?) (3.3-4)

J= %(R: -R?) (3.3-5)

S1



A=n(R? -R?) (3.3-6)
The following diagram summarizes the entire sequence of each evaluation in the

optimization. This was similar to the previous diagram but also includes the MATLAB

implementation.
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!

Polynomials in Matlab

e Input vanables are coordinates which define
polynomials for outer radius and thickness of shaft

e Output are the moment of inertia’s Ixx, lyy, the polar
moment of mnertia J, and cross-sectional area A

needed in LS-DYNA simulation

l

1" LS-DYNA Run

Golf ball not included
Run terminates once clubface reaches pre-determuned
location

® Location to become point of impact in 2 run

l

Translation of Golf Ball

e  Perl script translates nodes of golf ball to coincide
with the center of the clubface at the termination

location

2™ LS-DYNA Run

Golf ball included

Run terminates shortly after impact

Rigid body data output

Evaluation of the ball flight and spin charactenstics

Figure 24. Sequence of one evaluation in optimization.
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The constraints and overall objective function of the optimization are now

discussed. Each run in the optimization was evaluated by the resulting golf ball flight

and spin characteristics after impact. Table 9 is a summary of the various constraints and

the objective function.

Table 9. Constraints and objective of optimization.

Response Type Target/Norm
X-vel Prerequisite

Y-vel Prerequisite

Z-vel Prerequisite

X-rot Prerequisite

Y-rot Prerequisite

Z-rot Prerequisite

Launch Angle Constraint  >7 deg, <15 deg
Dispersion Angle Constraint <15 deg
Velocity Magnitude Constraint >140 mph
Y-rot Constraint <200 rad/sec
Backspin Objective Minimize

The formulas for calculating the launch and dispersion angles, velocity

magnitude, and backspin are given below. The x-axis is the main ball flight direction, the

z-axis the off-axis direction, and the y-axis the upward direction.

Launch Angle = arctan( Yvel)
Xvel

Xvel

Dispersion Angle = arctan( Zvel )

Velocity Magnitude =« Xvel® + Yvel® + Zvel?

Backspin = Zrot(cos(DispAng ))— Xrot(sin(DispAng )
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33.6 Results and Evaluation of Optimal Designs

Once the problem was fully developed and defined in HEEDS, the optimization
run was executed. 140 different designs were evaluated during the optimization
sequence. These designs were then carefully examined.

In the initial stages of evaluating the results, those designs whose performance
numbers were similar in magnitude were kept while disregarding the rest. This left a
total of 22 shaft designs to be considered. The next step involved plotting their “EI
profiles” and eliminating many of the designs that were similar to each other. The “EI
profiles” for the most unique designs will now be discussed and compared with the
baseline design.

Figure 25 shows the profiles of the first group of optimal designs. The number
assigned corresponds to the evaluation number in the optimization. Also shown is the
baseline design. As can be seen in Table 10 the overall “best” design found by HEEDS is
number 110. Designs that were close in performance but contained slight variations in

their profile are also shown in this group of designs.
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Optimal Designs - Group 1
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Figure 25. Optimal Designs — Group 1. The profile is that of the 28.2 inch span
varied in the optimization.

Figure 26 contains the second group of optimal designs. These designs were
separated from the others due to their rather unique EI profiles. They remain relatively
close to the “best” design in performance, but have rather unconventional profiles. Two
of the designs are similar in that their stiffness declines sharply and then contains a
distinctive increase in stiffness near the tip end of the shaft. These are very unique
designs but their feasibility must be questioned. The sharp decline in stiffness near the

butt end could cause the shaft to snap or break during the downswing.
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Optimal Designs - Group 2
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Figure 26. Optimal Designs — Group 2. The profile is that of the 28.2 inch span
varied in optimization.

Table 10 gives a summary of the major flight and spin characteristics for both
groups of designs. The velocities were all similar in magnitude and the directional angles
were well within the constrained limits in the optimization. However a note must be
made in regards to the launch angles and backspin rates. Clearly not all of the designs
included had necessarily the lowest backspin. This was due to a trade off made when
constraining the original optimization problem. The designs with the lowest backspin
generally had the lowest launch angles as well. This was somewhat undesirable. A
desirable launch angle is around 9-11 degrees, which is well known in the industry as
being the optimal launch angle for maximum distance. However it was felt that such a
narrow launch angle constraint would over constrain the optimization and therefore

overlook design considerations.
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Table 10. Ball flight and spin characteristics of optimal designs.

Velocity Magnitude  Directional Angle Launch Angle  Backspin

Evaluation # Performance # (in/sec) (deg) (deg) (rpm)
110 0.85 3157 -6.48 7.99 2551
24 0.89 3171 -6.57 8.07 2674
135 0.92 3186 -2.62 8.21 2759
127 1.00 3197 1.28 8.54 2986
89 1.12 3216 -2.73 8.99 3362
61 1.17 3191 2.52 9.43 3516
65 2.63 3105 3.87 7.92 2296

Various designs above were re-run in LS-DYNA in order to compare their swings
with the baseline design and to make observations in regards to their feasibility. Each
design was chosen carefully.

When compared to the baseline design, no observable differences existed for the
first group of optimal designs, therefore making them good design considerations.
However the figure below shows design 65 as it was swung. The feasibility of the design
must be questioned due to the high degree of deformation occurring in the shaft. No

checking of stress levels was done in the current simulations.
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Figure 27. Design 65 exhibiting a high degree of deformation in downswing.
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4 Conclusions and Discussion

4.1 Shaft Modeling

A majority of the experimental tests and methods used in the golf industry to help
characterize the performance of golf shafts can be modeled and studied analytically. This
was accomplished by an initial knowledge of the shaft’s “bending profile” or “EI curve”.
The “zonal frequency” tests as well as the various “kickpoint” tests were modeled using
simple beam finite elements.

The calculated zonal frequencies were over-predicted at the higher zones (shorter
cantilever lengths) but matched well at the lower zones (longer cantilever lengths). This
showed promise in eliminating the need for experimental measurements, but indicated
more investigation was needed into modeling the compliance of the frequency
measurement device.

The main conclusion drawn from modeling the “kickpoint” tests was that none of
these tests or methods lends any real insight into this somewhat elusive property of golf
shafts. These tests show no real distinction or relevance in their attempts of measuring
this property.

4.2 Optimization

An opportunity was taken to study and optimize the golf shaft using a full swing
finite element model with golf ball impact. This allowed for a much broader study of the
golf shaft and its influence in the golf swing. The actual dynamics of the golf shaft and

its influence on ball flight and spin characteristics were studied and optimized.
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The results of the optimization revealed a rather unconventional group of shaft

designs as part of the designs considered. Consideration of stress limits on the shaft

material should be included in future optimization runs. Prototyping of these designs

should be pursued and testing established. As so many know in the golf industry, a new

'unique shaft design could be marketed very easily.

4.3 Future Work

Based upon the results from the elementary shaft modeling and the successful

implementation of the optimization, there are many things to consider for future work.

Modeling of Golf Shafts

Further investigation of modeling the Fujikura frequency machine and its
clamping mechanism
Researching new dynamic, rather than static, tests for characterization and

measurement of “kickpoint”

Optimization

Prototyping and testing of the optimal shaft designs

Shaft optimization for a range of swing speeds

Re-examine loading and joint definitions to model more advanced robots
Examine experimental data of actual swing kinematics in hopes of modeling
an actual subjects golf swing

Incorporate modeling of graphite composite golf shafts including ply-
orientation

Investigate using prescribed displacements and/or velocities rather than load

curves to gain more consistency in evaluating designs in the optimization
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