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ABSTRACT

The purpose of the research in this thesis is to explore the capabilities of 3D scanning
techniques and additive manufacturing in modeling and printing a metal golf club driver. Some
research has been conducted into the use of additive manufacturing in the golf industry, and it all
has reinforced the revolutionary abilities of the technology. This thesis provides background
information on traditional club manufacturing, current metal additive manufacturing techniques,
and current research into additive manufacturing in the golf industry. Then, it discusses the
modeling and scanning techniques used to generate the 3D replica of a cutting-edge driver on the
market. The 3D printing process, testing phases, and analysis of the results follow. In this study,
the CT scanning of a Callaway XR16 driver resulted in an extremely accurate 3D model that was
then used to 3D print a full-scale replica in titanium using laser-based powder bed fusion. This
replica was tested against the original club, and initial results indicated better performance from
the 3D printed version than the original. Though more testing needs to be conducted, the
conclusions in this thesis indicate that additive manufacturing could be a promising technology
that revolutionizes the way golf clubs are designed and fabricated.
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Introduction and Background
Additive manufacturing is a rapidly growing technology that has transformed the
engineering landscape for a myriad of industries, from the transportation to medical and beyond
[1]. Its implications for quick yet efficient manufacturing, rapid prototyping, customizability, and
creative material selection have made it a universally useful process. Despite its versatility, the
sports engineering industry has been slow to adopt this new methodology, particularly in sports
that may greatly benefit from its use, such as golf. Golf has a rich historical underpinning, and as
a result, the forging and casting processes for golf clubs have remained relatively consistent.
Utilizing metal additive manufacturing for the creation of golf clubs could be a great stride
forward in the design and manufacturing of next generation clubs as well encouraging the use of
additive manufacturing throughout the sports world.
This thesis studies the use of metal additive manufacturing to produce a golf club driver
followed by testing and analyzing the metal 3D printed driver versus a traditionally
manufactured one. Chapter 1 provides the relevant background information required for this
research. Sections 1.1-1.3 detail the current manufacturing techniques in the golf industry,
provide an overview of the metal additive manufacturing process used in this research, and
inform the reader about current 3D printed golf products in the market. Chapter 2 discusses the
processes used to design and model the printed golf club used in this research. Section 2.1
discusses the decision to print a driver over an iron, and Section 2.2 introduces the Callaway
driver that this research models its club after. Sections 2.3-2.4 detail the 3D scanning techniques
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utilized to obtain the 3D CAD model of the driver head and the subsequent edits needed to create
a final model, and Section 2.5 summarizes the chosen metal for printing. Chapter 3 describes the
fabrication processes of the driver and compares the 3D printed driver to the traditionally
manufactured one. Then, Chapter 4 discusses the testing procedures used on the 3D printed
driver and analyzes the results. Lastly, Chapter 5 concludes the thesis with recommendations for
further research and closing remarks about this study.

1.1 Traditional Golf Club Manufacturing
Throughout golf manufacturing history, many materials have been used to manufacture
drivers. The first drivers were constructed out of wood and have since evolved to their current
metal form. Titanium, stainless steel, aluminum, carbon graphite, and other composites and
alloys are all used to manufacture drivers in today’s industry. However, since the introduction of
titanium drivers in the early 1990’s, titanium has become the material of choice for driver heads
[2]. This is because titanium provides an extremely high strength-to-weight ratio compared to the
other materials and provides much greater performance and feel in a driver compared to stainless
steel, although it comes at a higher monetary cost. As manufacturing methods have become more
advanced, some of the most complex club designs intermix materials in the clubhead to reap the
benefits of multiple materials. An example may include using titanium for the sole and hosel
(where the head connects to the shaft – see Figure 1-1), a titanium alloy for the face, and carbon
fiber or carbon graphite for the crown. However, this study focuses only on the manufacturing
and testing of a completely titanium driver.
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The two most common methods used today to make a golf club driver are forging and
casting [3]. The forging method includes using a 500-ton press in its production process, but in
reality, it is more of a stamping process in which a sheet of titanium is cut and stamped into
several different parts of the driver and then welded together using an arc welder [3]. The most
common stamped construction is a four-piece body where the driver head consists of a crown,
sole plate, face, and hosel welded together, as shown in Figure 1-1. The main advantage of the
stamping process is low production cost, but the disadvantages include limited dimensional
accuracy, low design complexity, and poor reproducibility. Additionally, the welding line inside
the head makes perimeter weighting difficult, which involves moving mass from the center of
the clubhead to the edges in order to enlarge the “sweet spot” and make the club more forgiving
[3].
hosel
crown

face
sole

Figure 1-1. 4-piece body components [4]

Investment casting is the second major manufacturing process for driver heads. Casting
usually results in a two-piece body consisting of the main body and the club face. The face is
attached to the body by either an arc weld or plasma weld process. Plasma welding is considered
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more optimal than an arc weld since it is much hotter and creates a better bond and a thinner
weld line [3]. Investment casting allows for slimmer wall thickness, more complex geometry,
better reproducibility, and dimensional accuracy compared to forging. However, titanium
investment casting requires a melting furnace and a separate vacuum casting furnace, which
leads to higher production costs. Most premium name-brand titanium drivers are cast titanium
driver heads, although many brands are offering more forged titanium clubs to appeal to more
conservative spenders.
Both of these technologies for creating golf clubs are fairly labor-intensive and
expensive, and the casting and forging processes often require secondary operations, due to tight
tolerances and part-to-part variations. They also require machine tooling which can limit a club
design’s geometry for production. Additionally, welding creates a heat-affected zone, which can
cause deformation in thin areas, and over a long period of time and extensive use, a weld line can
cause a clubhead to fracture [3]. Additive manufacturing has the possibility to overcome many of
these disadvantages. The specific additive manufacturing process used in this study, laser-based
powder bed fusion (PBF), has significant potential for applications in the golfing industry.

1.2 Powder Bed Fusion
The techniques used for the additive manufacturing of metals are slightly different from
those used to 3D printed plastics. There are many metal additive manufacturing techniques that
fall under powder bed fusion, including direct metal laser sintering, selective laser melting,
electron beam melting, and binder jetting, among others. Selective Laser Melting (SLM) was the
specific process used in this research.
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Laser-based powder bed fusion uses a precise, high-wattage, Ytterbium laser to microweld a bed of powdered metals or alloys to form functional metal components from computeraided design (CAD) data. Inside the build chamber area, there is a material dispensing platform,
a build platform, and a recoating blade used to move new powder over the build platform. The
chamber is then heated up below the melting point of the metal. The laser touches the points in
the print path and heats the metal just above its melting point which ends up sintering,
solidifying, and building up thin cross-sectional metal layers one after the other. Figure 1-2
shows a depiction of a PBF machine and its manufacturing process.

Figure 1-2. Laser-based powder bed fusion additive manufacturing process [5]

Typical PBF printers print in 20m to 60 m thick layers that are evenly dispersed across
the build area and leave the user with a model that is over 98% dense [6]. The fully developed
model is then lifted from the powder bed, and any loose powder or support material is removed
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using an appropriate post-processing technique. Many different materials can be used in PBF
including titanium, aluminum, stainless steel, copper, and more.
There are numerous benefits of PBF over traditional manufacturing processes [7]:
•

Design and production of extremely complex shapes or integrated components
with no need for tooling

•

High quality parts ideal for research and development even at the tightest
tolerances

•

Topology optimized parts (optimizing material layout in a given space with given
constraints) and mass customization

•

Complex and thin-walled structures allow for significant weight reduction

•

Rigorous prototype testing

•

Accelerated and more streamlined manufacturing timelines

•

Objects that are produced are free from the residual stresses and internal defects no heat treatment necessary

PBF has been used in many industries already, most notably in aerospace. Conventional
manufacturing for aircraft components utilizes subtractive manufacturing, resulting in up to 90%
of the material being cut away and disposed of or recycled [7]. 3D printing metal parts uses less
energy and cuts that waste to a minimum. Companies have found printed parts to be 60% lighter
compared to the machined part; this significant weight reduction leads to enormous savings for
aviation companies, mainly on fuel, without sacrificing strength or quality in the part [7].
The main downside of PBF, in particular, and metal additive manufacturing, in general, is
that it is very expensive, which has limited its use to very high-end applications. Additionally,
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the quality of the printed part mostly depends on the quality of the CAD model, which, if not
fully developed and inspected, can lead to print errors. Also, the surface of the printed part can
be very grainy and require extensive surface finishing. Removing metal support material can also
be time consuming and laborious.

1.3 Current Industry Research and Golfing Products
Currently, there are a couple main development projects in the golf industry using 3D
printing. The first is Ping’s 3D printed putter which was introduced in early 2015. After testing
out the additive manufacturing process with a MakerBot printer at his own home, Paul Wood,
Ping’s Director of Engineering, hypothesized that 3D printing could produce highly customized
and more refined golf clubs that are of higher quality. Ping first printed a replica of their G25
iron and tested it with players and received very positive feedback. Players reportedly could not
tell the difference between the original cast G25 and the 3D printed version [8]. After receiving
positive feedback, Ping started designing a putter for additive manufacturing. They utilized 17-4
stainless steel, a common steel used to manufacture putters, which after being printed and tested
also received tremendous feedback. Because of the high cost of metal 3D printing, the putter is
being sold only to select VIP members for about $7,700 to $9,200 [9]. However, the strong
feedback they received after only one printed iteration gave them the confidence to debut it at a
PGA Merchandise Show- a strong indication that one of the leading brands in golf believes 3D
printing is a promising technology for the sport.
The second product on the market is the KD-1, the first “Windform SP 3D Printed Driver
Clubhead with CNC machined titanium” manufactured by Krone Golf [10]. Krone is an industry
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leader in custom engineered golf equipment, and with the help of CRP Group they used a
combination of additive and subtractive manufacturing to create the KD-1 club, shown in Figure
1-3.

Figure 1-3. KD-1 assembled club [10]

The body of the KD-1 is manufactured by CRP Technology, utilizing Laser Sintering
with Windform SP, a highly ductile carbon composite that is resistant to shock and vibration
[10]. The brass weight at the back of the club is CNC machined and fastened to the body with
four helicoil threaded inserts in the Windform. The hitting face and hosel are CNC machined
from Titanium 6Al-4V (described in Section 2.5) and sand blasted for finish.
The CNC machining allowed designers to tightly control the thicknesses in critical areas,
while the additive manufacturing allowed them to create very stiff, lightweight structures and 3D
lattice geometries that were previously impossible. They found that the combination of 3D
printing and CNC machining led to a faster manufacturing of the parts and saved time and labor.
The additive manufacturing technology is also much quicker than designing and producing a tool
for injection molding, which is how most manufacturers make their molds now. Furthermore, 3D
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printing gave their engineers more flexibility in their timeline to make design improvements and
produce prototypes [10].
The third important development in the industry is a patent (Patent No. US9452323) for
manufacturing a golf club using metal 3D printing, obtained by the founder of Krone Golf, Marc
Kronenberg, along with his colleague Drew DeShiell. Titled “Method and system of
manufacturing a golf club, and a manufactured golf club head,” it is a patent for “A golf club
head for playing golf made by a method including providing a powdered metal, and applying a
controlled source of energy to the powdered metal layer by layer to form a golf club head,
wherein the golf club head is a hollow golf club head having a supporting lattice formed within
the hollow golf club head” [11]. The patent was published in September 2014, and it will likely
be very important in the research and development of metal printed golf clubs because it
essentially claims rights to using PBF-type technology to 3D print a clubhead with an interior
lattice structure. The patent also takes claim of six different lattice types including pyramidal,
tetrahedral, and diamond, as seen in Figure 1-4.

Figure 1-4. Patented lattice structures [11]
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The patent also focuses heavily on the idea of manufacturing customized clubs for
individual players wherein a golfer would spend time testing their specific swing and launch
parameters, and Krone would utilize that data to create optimized clubs using the unique
capabilities of 3D printing to accompany those parameters.
Utilizing laser sintering and a lattice structure inside a 3D printed clubhead could be a
major breakthrough in designing new clubs, and Krone has patented an extremely valuable idea
which they can prevent other companies from using. This gives Krone a competitive advantage
in becoming the world leader in customized, additively manufactured golf clubs and drivers.
This chapter summarized current golf club manufacturing methods, specifically forging
and casting, as well as the technology and benefits of powder bed fusion for manufacturing parts.
It also outlined current 3D printing golf research in the industry and discussed the potential of
those products on future developments. The next chapter discusses the complete design and
modeling of the replica club used in this research.
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Design and Modeling of Golf Club Head
Deciding what type of golf club to model was an important decision in the early stages of
this research. Section 2.1 discusses the process and conclusion of that decision, and the following
sections describe the brand and model that the replica was based on, how it was scanned, and
how the CAD model was edited to prepare for printing. Section 2.5 closes this chapter by
summarizing the specific type of titanium chosen as the metal used in the printing process.

2.1 Driver vs. Iron
One of the first steps in this research was to decide whether to model and print a driver or
an iron. The initial plan was to print an iron, but after conducting more research and talking to
both golf professionals and manufacturing experts, it became apparent that utilizing additive
manufacturing would be much more worthwhile for a driver head than an iron. One reason is
because shots that are taken from a tee have higher potential for distance improvement through
additive manufacturing than shots taken from the ground. Also, irons are dense, solid clubs
whereas drivers are hollow. From a manufacturing standpoint, additive manufacturing would
most likely not provide a significant difference in performance from casting or forging for a solid
club. All three methods produce a unibody construction, and if the same material was used in
each, there theoretically would not be a considerable difference in performance, while the cost of
additive manufacturing would remain tremendously higher than casting or forging. Lastly,
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golfers are usually willing to shell out more money for drivers than irons; therefore, it makes
more economic sense to additively manufacture the type of club for which customers would be
willing to spend more for.
After deciding to model a driver instead of an iron, the next step was to decide whether to
design a driver head from scratch or model one after a current driver in the market. A current,
highly commended driver, based on professional reviews both online and from Penn State Golf
Course staff, was chosen as the template for a replica created through additive manufacturing, so
that the traditionally manufactured club could be compared to the one produced through additive
manufacturing. The next section discusses the process used to find the club to model and the
design specifications of that club.

2.2 Choosing the Callaway XR16 as the Reference Model
To aid in the decision of what club to model, staff at The Golf Teaching and Research
Center (GTRC) at Penn State were consulted. The GTRC is a newly developed teaching and
research venture for leading instructional and scholarly initiatives related to the golf industry.
The GTRC uses some of the best clubs in the industry to perform tests on golfers’ swings to fix
flaws in their mechanics. Eric Handley, the senior instructor and head of the research center, and
Matthew Bakowicz, an associate instructor, discussed their testing and research methods and
provided advice for this project. They discussed what driver would be best for this research to
model after taking into consideration geometry, aerodynamics, price, material, and quality of
shots. In the end, they suggested modeling the replica after the Callaway XR16 10.5° Driver,
seen in Figure 2-1.
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Figure 2-1. Views of Callaway XR16 [12]

The Callaway XR16 is one of Callaway’s newest and most innovative heads, designed
with the help of The Boeing Company [13]. Callaway brought in Boeing to study the applied
computational fluid dynamics of the flow around the club head to design the most aerodynamic
club to date.
One of the most important factors to consider when designing a golf club is the
coefficient of restitution (C.O.R.), which when applied to golf measures the ability of a club to
transfer energy to the ball. The higher the C.O.R., the more energy is transferred, and the further
the ball will travel. According to current USGA rules [13], the maximum C.O.R. of a driver is
capped at 0.830; therefore, manufacturers cannot design a driver's face to rebound the ball any
faster than that. The volume of a driver head is also restricted to 460 cubic centimeters; so, clubs
cannot be made more forgiving by increasing size. Any possible gains in distance over the last
few years have mainly been achieved through three avenues [13]:
1. making club heads more forgiving by increasing the moment of inertia, which essentially
increases the club head’s resistance to twisting at impact
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2. ensuring the driver face is thicker and thinner in specific parts to ensure maximum ball
deflection even for off-center shots
3. moving the center of gravity lower and deeper within the clubhead to create a higher
launch angle (but lower spin rate)
However, in recent years, manufacturers have extensively been looking at aerodynamics to
create more distance with the driver, which is why Callaway consulted Boeing in the creation of
the XR16.
A golf club head is known as a bluff body in aerodynamic terms and is unlike an aircraft
wing when discussing laminar and turbulent flow [14]. The shape of an airplane wing is very
streamlined and aerodynamically efficient; so, it is mostly dominated by skin friction. Therefore,
the goal is to obtain laminar flow across the entire wing. However, the large flat face and short
body from front to back, earning the name bluff body, makes it very inefficient.
As in any golf club design, minimizing aerodynamic drag is one of the most important
elements as it increases head speed on the downswing, which increases ball speed, and ultimately
results in more distance. To accomplish this, Boeing engineers designed a way to trip the
turbulent boundary layer so that the air “sticks” to the driver on the downswing rather than
creating wake behind the driver as laminar flow does. Through computational fluid dynamics
and testing, their solution was the creation of a “trip-step,” an embossed feature on the front part
of the crown designed to create selective turbulence at certain points in the swing [15]. The result
is that the XR16 driver provides 30% lower head drag and a 10% lower face drag than the
original XR driver from years before [16]. Figure 2-2 shows the trip step, which Callaway named
the “Speed Step Crown,” and Figure 2-3 shows the delayed flow detachment it causes.
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Figure 2-2. Embossed trip-step [17]

Figure 2-3. View of trip-step and subsequent flow [13]

Callaway also made the XR16 bigger from the face to the tail in order to move the center
of gravity lower and further back to make it more forgiving. Since a bigger head usually causes
the club to move more slowly through the air, Callaway manufactured the body out of 8-1-1
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Titanium which has more aluminum than traditional titanium alloys used in the golf industry.
This reduced the weight of the head while maintaining strength [16]. The XR16 also uses
Callaway’s R-MOTO Face Technology for the face of the club. The design features a Titanium
6-4 face and a series of discrete internal ribs that connect the face to the crown and sole, which
gives Callaway better control of stiffness in this region and ultimately design a thinner, more
flexible face. This results in an area next to the face that is lighter and more flexible than a
titanium shell. This allows Callaway to control the motion of the face to improve ball speed,
particularly in the areas around the edge of the face and on off-center impact locations [16].
Overall, the XR16 is a three-piece body consisting of the body, face, and hosel. Each
piece is manufactured separately and then arc welded together to form the entire head. Though
this is the norm for most drivers today as discussed earlier, the driver for this research is
manufactured as one body because of the nature and capabilities of 3D printing. One objective in
this research is to test whether a uni-body head performs better than a multi-body construction.
Once the XR16 was chosen as the replica model for this research, the next step was to generate
the CAD model through various 3D scanning techniques.

2.3 3D Scanning Techniques
The first scanning technique utilized was laser scanning using a Sense 3D scanner
obtained from the Penn State College of Engineering. The Sense 3D scanner “projects a
patterned infrared (IR) beam onto the object from the bottom opening that is then detected by the
middle webcam. On the PC, the included software then translates the information into the shape
of the object. At the top of the Sense is a normal webcam, which the same software uses to
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translate the images it captures into the surface colors of the object” [18]. With the help of the
3D Printing Club on campus, a rig to scan the driver was created (see Figure 2-4).

Figure 2-4. Setup rig for Sense scanning

The output of the 3D scan was a shell of the object that can be edited and exported to a
.stl or .obj file type. The clubhead model generated from the Sense 3D scanner can be seen in
Figure 2-5.
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Figure 2-5. Model generated from Sense scanner

Once the necessary parts of the scanned model were cropped and the resulting model was
exported to a .stl, Autodesk Meshmixer software was used to refine the mesh on the model,
smooth out as many bumps and flaws as possible, and create a thickness to the surface. Views of
the refined model can be seen in Figure 2-6 and Figure 2-7.

Figure 2-6. Bottom view of Sense model

Figure 2-7. Top view of Sense model
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The Sense 3D scanner was able to pick up the basic geometry of the head, but it was
unable to generate many of the complex geometries such as the ridges on the bottom-left side,
the hosel crown, the trip-step, and the screw hole, which are all vital parts of the clubhead. A
scaled plastic prototype confirmed that the Sense failed to pick up enough overall detail in the
club to use as the model going forward (see Figure 2-8 and Figure 2-9).

Figure 2-8. Bottom view of Sense prototype

Figure 2-9. Front view of Sense prototype
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To obtain a more accurate model, a CT scanner in the CIMP-3D Lab at Innovation Park
was used. Griffin Jones, an R&D Engineer in the Applied Research Laboratory who operates the
300kV GE phoenix v|tome|x m CT Scanner, was consulted to perform a more thorough scan of
the clubhead. The CT scanner uses a series of 2D X-ray images to reconstruct a 3D part [19].
The part is placed on a turntable in the middle of the machine, and the projector shines X-rays
through the part onto a sensor on the left side of the machine [19]. The CT scanner can then
output a point cloud and a .stl file of the model. Figure 2-10, Figure 2-11, and Figure 2-12
display top, front, and bottom views respectively of the 3D model generated from the CT
scanner.

Figure 2-10. Top view of CT scan model
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Figure 2-11. Front view of CT scan model

Figure 2-12. Bottom view of CT scan model

As is evident, the accuracy and resolution of this scan was significantly better than the
Sense output. The model is almost an exact replica of the original club apart from some surface
flaws (mainly the small, protruding bulges off the edge of the face). Most importantly, the CT
scan was able to precisely pick up the trip step, bottom ridges, and hosel crown, and was even
able to scan the interior of the hollow club head, as seen in Figure A-1. One can see the tube
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through which the screw travels and the weld lines of the face to the body. A scaled, plastic
prototype, shown in Figure 2-13 and Figure 2-14 of the initial model was then printed using a
MakerBot 5th Generation Replicator.

Figure 2-13. Front view of prototype
Figure 2-14. Bottom view of prototype

The prototype demonstrates that the model is very close to the original club. From the .stl
file, the MakerBot was able to print every fine detail on the sole of the club as seen in Figure
2-14 as well as the trip-step and hosel crown as seen in Figure 2-13. To move forward in the
modeling process, specific edits in Meshmixer were necessary to acquire the final CAD model,
as the next section describes.
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2.4 Rendering Final CAD Model
After acquiring the .stl from the CT scan, various tools in Meshmixer [20] were used to
convert the original model to a clean, printable version. The first major edit was to remove the
screw that the CT scan picked up. The screw is locked in its channel by a cylindrical lock washer
which prevented removal of the screw prior to the scan. As seen in Figure 2-15, the output from
the scan includes the physical screw.

Figure 2-15. View of screw in CT scan model

Meshmixer allows the user to directly edit the mesh generated from the .stl file. A
combination of the Select and Discard tools was used to erase the screw in the channel, while
still leaving the middle washer material intact. Then the Inspector tool was used to fill the hole,
and then a Boolean Subtract was performed using a cylindrical Meshmix to create the new hole,
approximately 5/8” in diameter, for the screw, as shown in Figure 2-16.
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Figure 2-16. Screw hole generated in Meshmixer

The next major modification was removing the extraneous material off the left edge of
the face, which can be seen in Figure A-2. Using a Plane Cut operation with a Remesh option,
Meshmixer was able to remove the bulk of the extremities and fill the resulting void as shown in
Figure 2-17. This was an important step because it prevented the need to machine down the
extremities had the original model had been used for the metal club.

Figure 2-17. Model with bulges removed
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The final steps in the refining process were using the Inspector tool to fill all holes and
repair non-manifold regions, which must be removed before submitting any model for 3D
printing. Lastly, a Refining brush was used across the entire club to generate a more precise,
high-quality mesh which results in a higher quality print.
A full-scale plastic prototype, shown in Figure 2-18 and Figure 2-19, was printed to
ensure these refinements were sound before submitting the model for metal printing.

Figure 2-18. Full-scale plastic prototype
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Figure 2-19. Bottom view of full-scale prototype

The full-scale prototype printed very well and reflected the removal of all major
blemishes and roughness done in Meshmixer. One important feature to test was the screw hole
generated in the model after the first prototype. As shown in Figure 2-20 and Figure 2-21, the
clubhead fit snugly into the shaft using a #10-32 x 3/4” Torx screw, the same screw used in the
original clubhead. The screw was able to fit entirely into the shaft, and the clubhead remained
stiff through entire swings of the club. The club also able to fluidly swing through a foam golf
ball without any fractures.
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Figure 2-20. Torx screw inside prototype

Figure 2-21. Front view of prototype with shaft

After this successful final prototype, the next step was to choose the appropriate metal for
the clubhead print.
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2.5 Material Selection: Titanium 6Al-4V
The material used to print the final clubhead was Titanium 6Al-4V, also known as Ti64
or Grade 5 Titanium. It is an alpha-beta alloy containing 6% Aluminum and 4% Vanadium. The
aluminum stabilizes and strengthens the alpha phase and reduces the density of the alloy, while
the vanadium allows for more ductile beta phase for hot-working [21]. This titanium-based alloy
is the most commonly used titanium alloy in the world, and accounts for approximately 50% of
the world’s titanium usage [21]. It is commonly referred to as a “workhorse” titanium, as it is a
very versatile material and can be used in a variety of different applications. The alloy exhibits a
premium combination of strength, corrosion resistance, and manufacturability. It is also much
stronger than pure titanium while maintaining the same stiffness and thermal properties. Its
strength-to-weight ratio is also extremely favorable compared to pure titanium due to the
aluminum reducing the density. Some versions of this alloy have also proven to exhibit high
fracture toughness, fatigue strength, and temperature creep resistance. Full material data for Ti64
can be found in Table B-1 [22].
Ti64 is also the most common and versatile metal powder available for PBF and metal
additive manufacturing in general. Other available powders include Grades 1, 2, and 23. Grades
1 and 2 are pure titanium and therefore do not reap the benefits of the aluminum that Ti64 does,
such as high strength-to-weight ratio. Grade 23 is similar to Grade 5 but contains less oxygen,
iron, and nitrogen which leads to higher ductility and fracture toughness but a decrease in
strength, and is better suited for high failure-cost medical applications [23].
Ti64 is the optimal material for this XR16 replica with its high strength, high fracture
toughness, light weight, and extensive formability. It is the most widely used titanium alloy both
in traditional forging and castings as well as in metal additive manufacturing, and compared to
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other available titanium powders, it exhibits better material properties for the purposes and
conditions of golf and is more easily attainable.
Creating a replica of the Callaway XR16 driver required a more rigorous type of scanning
technique than laser scanning. A CT scan produced an incredibly detailed model which was then
refined in Meshmixer software to establish a reliable CAD model to send for printing. The
material used in the PBF process, Titanium 6Al-4V, is a very versatile titanium alloy that is
already used in the golf industry and will be an effective material for this application. The next
chapter discusses the output of the 3D printing process and the final 3D printed clubhead that
was used for testing.

30

Fabrication
This chapter discusses the output of the 3D printing process performed by Imperial
Machine & Tool Company and what post-processing edits were needed to create a final product
ready for testing.

3.1 Printing Output and Post-Processing
The clubhead was printed by Imperial Machine & Tool Company in Columbia, New
Jersey. Imperial is a 73-year-old manufacturing company that specializes in innovative
manufacturing techniques, including metal additive manufacturing [24]. Vice President Christian
Joest and his team of engineers received our .stl model and printed the clubhead with a SLM 280
HL powder bed fusion machine. The titanium printed clubhead from Imperial is shown in its
build orientation immediately after printing in Figure 3-1. As is evident, the print resolution was
outstanding, from the smooth surfaces to the accurately printed bottom curves and XR logo.

Figure 3-1. Printed Clubhead
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To begin post-processing, the team at Imperial first removed the support material that can
be seen in Figure 3-1. Since it is a hollow part, they next had to shake out any remaining titanium
powder from inside the club. They were able to do this through a small hole on the inside of the
screw hole channel. Lastly, they bead blasted the club, most importantly the face, to attain a
smoother surface finish. After all these refinements, they sent the finished clubhead to our team
at Penn State.

3.2 Final Product
Figures 3-2, 3-3, and 3-4 show images of the finished clubhead as it was received at Penn
State.

Figure 3-2. Bottom view of printed clubhead

Figure 3-3. Top view of printed clubhead

32

Figure 3-4. Printed clubhead attached to shaft

The printed clubhead looked and felt great in the hands, and the detail in the print turned
out to be phenomenal. Even the trip-step printed very accurately, as did the hosel crown and
screw hole. With the appropriate Torx bolt and washer, the clubhead was able to fit snugly and
securely into the shaft, and it did not jostle or flex at all during swings. Figure 3-5 and Figure 3-6
show side-by-side comparisons of the printed clubhead (left) and the original (right).
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Figure 3-5. Bottom comparison of clubheads

Figure 3-6. Top comparison of clubheads- view of build error circled

From these comparisons, one can see how accurately the print came out to the original,
making almost an exact replica. The only significant error on the print is on the top of the
clubhead, circled in Figure 3-6. The area is slightly dented and not completely convex as it
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should be. Most likely this is an error from the additive manufacturing process as the defect was
not apparent in the 3D scan or 3D model. The source of the error is unknown; however, the thin
wall of the clubhead may have led to distortion during the build. The dent, however, was not
deemed catastrophic in the clubhead’s ability to hit a ball; therefore, testing the clubheads
became the next step in this research process, as the next chapter describes.
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Chapter 4
Testing and Analysis
Once the 3D printed clubhead arrived, testing commenced. Two main tests were done on
the clubheads: (1) a dimensional accuracy test and (2) a distance test on the driving range. Both
were useful in analyzing the effectiveness of the 3D printed clubhead versus the original.

4.1 Dimensional Accuracy Test
The first test performed on the printed clubhead was a dimensional accuracy test to
compare the various dimensions of the printed version to the original, shown in Table 4-1.
Width, height, depth, thickness, and weight were measured on both clubheads in order to check
for major discrepancies that might have arisen from either the scanning process or printing
process.
Table 4-1. Dimensional Accuracy Test Results

Dimensional Accuracy
Measurement
Width (in.)
Height to Crown (in.)
Depth [from center mark
straight back ](in.)
Hosel Thickness (in.)
Weight (lb)

Original Club Printed Club
% Difference
5.05
5.06
-0.198
2.54
2.548
-0.315
4.48
0.055
0.42

4.46
0.053
0.4

0.446
3.636
4.762
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As is evident from the measurements, there were no major geometrical differences in any
of the measured dimensions. The maximum difference out of all the length measurements was a
0.02-inch difference in depth which calculates to only a 0.45% error in the print. Similarly, the
difference in weight was only 0.02 lbs. which, though fairly negligible when swinging a golf
club at high speeds, could create a difference in performance. The hosel thicknesses differed by
only 0.002 inches, but this difference was noticeable when looking at them side by side- one can
see that the printed hosel is thinner than the original. However, the 3D printed clubhead still fit
securely into the shaft; therefore, the difference was not substantial enough to cause alarm. The
difference was most likely due to the CT scan, in that that area of the clubhead is so thin and
precise, the scan was probably not able to pick up the exact thickness of the original hosel crown.
Alternatively, the mesh refinement may have thinned out this area of the model.

4.2 Distance Testing
The next assessment was distance testing of both clubheads on the driving range. Since
the shaft hosel is adjustable to different lofts and lies, the settings for this test were aligned to “S”
loft, meaning stated loft of the clubhead, and “N” lie, meaning neutral setting for lie. Five
measurements were taken during each drive: Flight Yardage, Total Yardage, Golfer Hit Rating,
Club Feel Rating, and Golfer Comments. Flight Yardage represents the number of yards the ball
traveled in the air until impact on the ground, while Total Yardage represents the total distance
traveled by the ball including after impact. Total Yardage was only recorded if the golfer felt that
the given clubhead affected the carry of the ball after impact. Both yardages were measured by
sight and markers on the driving range. Golfer Hit Rating (GHR) is a quantitative measurement
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that represents the golfer’s rating of the effectiveness of his or her hit. Ranging from 1-5, a rating
of 1 indicates that the golfer was very dissatisfied with the hit, while a 5 indicates the golfer
believes it was a perfectly hit shot. This measurement is taken to help identify bad hits and
outliers from the data set that are mostly likely due to human error. The Club Feel Rating (CFR)
is another quantitative measurement that is a score of the golfer’s feel of the clubhead. Feel is an
important quality in golf clubs and can be impacted by balance, sound, sensation at impact, and
more. The CFR is an important measure to track from the golfer to compare whether the printed
clubhead had significant difference in feel to the original clubhead. Like the GHR, a 1 represents
poor feel and a 5 represents extremely good feel. Lastly, comments and feedback were taken
from the golfer after every drive to receive explanations for the GHR and CFR as well as any
other important information the golfer deemed necessary to document. Enough drives were
performed by the same golfer until approximately 10-15 well-hit shots were recorded.
The first tester was Dan Merrell, shown in Figure A-3 testing the printed XR16. He is a
PGA-certified Teaching Professional at the Penn State Golf Course, who claims an average drive
of about 290 yards with his own club. Table 4-2 and Table 4-3 show the results of his distance
testing for the original and printed clubheads, respectively. I also performed as a test subject, and
the results of my testing can be found in Table B-2 and Table B-3. As an intermediate
golfer, my average drive is usually about 200 yards.
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Table 4-2. Distance Testing Results – Original Clubhead (Merrell)

Original XR16
Dan Merrell, Male, 29
years old, 20 yrs golf
experience, 0-5 handicap
Trial
Flight Yardage Total Yardage Golfer's Hit Rating (1-5) Club Feel Rating (1-5) Golfer Comments/Feedback
1
260
265
5
4 good hit
firm feel with more vibration, hit
2
270
3
2 on bottom of club
firm feel with more vibration, hit
3
275
3
2 on bottom of club
4
270
280
3
3 decent shot, good carry
best hit so far, straight, feel was
5
280
4.5
3 good but not fantastic
6
250
2
3 not good swing
7
280
3
3 straight shot, not great feel
hit on center face but traveled
8
270
3
2 far right
ok shot, feel was better than
9
275
3
4 previous trials
10
280
3
3 ok shot, straight
bad club reaction. Too high loft
11
250
5
3
12
290
4
3.5 straight, better line drive
13
260
1
2.5 very bad hit
very good hit, very bad feel and
14
285
4
2 sound
swtich to printed club
15
280
1
3 bad hit
decent hit, ok feel, still worse
16
290
4
3.5 than printed club
clubhead causing the ball to
balloon more in air, not great
17
290
4
2.5 feel
solid hit, ok feel but not the best
18
290
4
3
AVERAGE
274.7
3.31
2.89
STANDARD DEVIATION
14.6
1.2
0.6
Final Comments on Original
Club: Heavier club, worse feel
END
than printed, not forgiving
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Table 4-3. Distance Testing Results – 3D Printed Clubhead (Merrell)

Printed XR16
Dan Merrell, Male, 29
years old, 20 yrs golf
experience, 0-5 handicap
Trial
Flight Yardage Total Yardage Golfer's Hit Rating (1-5) Club Feel Rating (1-5)
1
2
3
4

290
290
295
290

4.5
3
3
4

4
3
4
4

5
6
7
8
9

285
290
300
270
300

2
2.5
4
2
4.5

3
4
4
3.5
3

10
11

300
295

5
5

3
4

12
13

300
280

5
2

14
switch back to original
AVERAGE
STANDARD DEVIATION

305

5

292.1
9.3

3.68
1.2

END

305

Golfer Comments/Feedback
slice left, felt better than
original, harsher sound
high on face, mishit
mishit, but good distance
good hit, straight
off-center, still felt decent,
better roll, good miss
good miss
good hit, straight
miss off heel, short flight
good hit, worse feel
great hit, not great feel, furthest
distance, straight
good hit

good hit, slightly worse feel
3 than previous drive but still solid
2 hit off bottom
perfect hit, good feel, great
4 distance
3.46
0.6
Final Comments on Printed
Club : lighter club, weight feels
good, faster club speed more
easily, very forgiving even on
bad hits, a little loud, sometimes
harsh sound but good feel
overall, definitely better feel
than original

In both sets of results, the most notable figure was the difference in flight yardage
between the original and printed club. With the original XR16, Dan achieved his average
distance of 290 yards only four times out of his eighteen trials (22%) and never achieved an
above average drive, while with the printed XR16, only three drives were below average.
Similarly, I achieved my average distance only twice (20%) with the original XR16 and nine
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times with the printed one (64%). One can see these results in graphical form in Figure 4-1 and
Figure 4-2.
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Figure 4-1. Yardage plot for distance testing (Merrell)
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Figure 4-2. Yardage plot for distance testing (Goyal)

16

41

In graphical form, it is easy to see how often the original clubhead underperformed
compared to the printed clubhead for both testers when referenced to their average personal
drives. It is also important, however, to graph GHRs versus time to see if the tester’s self-scored
performance increased, decreased, or remained steady over time. This way it is better understood
whether the poor distances were because of the golfer, the clubhead, or a combination of both.
This plot for Dan’s testing is seen in Figure 4-3.
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Figure 4-3. GHRs versus time (Merrell)

Figure 4-3 shows that Dan hit relatively consistent with the original clubhead after Trial
6, with the exception of Trials 13 and 15. Comparing the consistent GHR hits to Figure 4-1,
those drives were still well under his 290-yard average, suggesting that the clubhead was the
main the reason for that. For the printed clubhead testing in Figure 4-3, Dan’s GHR remained
pretty consistent starting with Trial 7 with the exception of Trials 8 and 14. Comparing the
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consistent printed clubhead GHR hits to Figure 4-1, those drives were above his 290-yard
average. Table 4-2 and Figure 4-3 also show that after switching back to the original clubhead
from the printed trials, Dan did start to consistently hit 290 yards; however, his yardage with the
printed clubhead consistently surpassed 290 throughout all trials (averaging to 292.1). Most of
Dan’s GHRs for the original clubhead were 3 or 4 (average of 3.31); however, his CFR rarely
rose above 3. Even when he hit shots that he deemed perfect, he did not like the feel of the
clubhead, often feeling uncomfortable vibration. He also felt as if the original clubhead was
causing his shots to balloon in the air, meaning they continued to travel upwards in the air and
therefore lost distance. When he switched to the printed clubhead, he felt little to no ballooning
and liked the feel of the clubhead much more. Except for Trial 13, which was also a poor mishit,
all of his CFRs were 3 or above for the 3D printed clubhead (averaging to 3.46). More
importantly, even on drives with low GHRs, the CFRs remained above 3.46 and he commented
that the printed clubhead was very forgiving and helped poorly hit shots still travel far and
straight. A plot of GHR and CFR versus time for each clubhead is shown in Figure 4-4 and
Figure 4-5, respectively. From Figure 4-4, one can see how the CFR remained below the GHR
for the original clubhead, regardless of whether the GHR was high or low.
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Figure 4-4. GHR and CFR versus time for original clubhead (Merrell)

Conversely in Figure 4-5, for the printed clubhead, Dan’s CFR remained at 3 or above
regardless of the GHR. This is important to note for those hits where the GHR was low, meaning
the club still had good feel and forgiveness when a mishit occurred by the golfer.
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Figure 4-5. GHR and CFR versus time for printed clubhead (Merrell)
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The results of my testing echoed that of Dan’s. CFRs were consistently above 3 for the
printed clubhead (averaging to 3.8 with a standard deviation of 0.4) while more varying for the
original clubhead (averaging 3.0 and a standard deviation of 0.5); though, my ratings for the
original were not as low as Dan’s. Figure 4-6 shows that GHRs for the original clubhead
remained fairly steady in the beginning and increased towards the latter half of the trials. The
printed clubhead GHRs, however, were more staggered throughout the testing process, indicating
some possible human error in the testing process.
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Figure 4-6. GHRs versus time (Goyal)

Again, it is important to see the interaction between the hit rating and feel rating, and
Figure 4-7 plots the comparison of GHR and CFR for the original clubhead testing.
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Figure 4-7. GHR and CFR versus time for original clubhead (Goyal)

Evident in this plot, the CFR ranked above the GHR for one trial, ranked equal for 50%
of trials, and ranked below for 40% of trials. These results reiterate the fact that with the original
XR16, even above average shots resulted in poor feel from the golfer. Figure 4-8, however,
shows the opposite effect for the printed clubhead- CFR ranked above the GHR for 57% of trials,
equal for 14%, and below for 28%.
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Figure 4-8. GHR and CFR versus time for printed clubhead (Goyal)
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Personal opinion and results of the testing also reflected that the printed XR16 corrected
mishits and was more forgiving. I also hooked the ball left a lot of times with the original XR16
but only a couple times with the 3D printed one- another indication of better forgiveness.
In summary, after all trials were finished, we came to the following conclusions based on
our own testing:
─ The printed XR16 resulted in consistently longer drives than the original

─ The printed XR16 had much better feel than the original
─ The sound at impact with the printed XR16 was noticeably louder and harsher than the
original
─ The printed XR16 was much more forgiving than the original and kept poor hits in good
play
─ Drives with the original XR16 more often resulted in slices or hooks

─ Drives with the printed XR16 felt much cleaner coming off the ball

4.3 Analysis and Discussion
In both golfer’s distance tests, the 3D printed XR16 outperformed the original in almost
all facets, including distance, feel, and accuracy. It is difficult to deduce what the specific causes
of this might be, but the unibody construction of the printed version is most likely a large factor.
This specific benefit of additive manufacturing was discussed earlier, and the lack of weld lines
and other construction features inside the printed XR16 could play a large part in the large
distances and better feel achieved by the testers. The original and printed XR16’s both have a
Ti64 face, although the 8-1-1 Titanium body of the original clubhead most likely also plays a
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factor in the difference in feel. Dan’s request to take the printed XR16 to his match the next day
only reinforced the findings that this clubhead is a favorable tool to have in one’s golf bag.
Another important aspect of this study to discuss is the implications and accuracy of 3D
scanning techniques for reverse engineering. Two types of scanning techniques were used to try
and obtain an accurate model of the XR16 clubhead, but both yielded very different results.
Laser scanning proved to be easily available, inexpensive, and simple to operate; however, the
detail and accuracy of the scan was less than desired. Printing a clubhead from the model
obtained by the Sense 3D scanner would have yielded a very inaccurate replica of the original
and therefore impractical to test against. This verifies that laser scanning is sufficient when
simple surface geometry is required, but for more complex geometries and precise details, CT
scans are necessary and more powerful. The results of the dimensional accuracy test and
snapshots of the .stl file prove that the CT scan was able to replicate the original clubhead with
incredible precision, including both the exterior and interior elements of the clubhead. For golf
manufacturers, CT scans could be useful to digitally recreate competitors’ clubheads and get an
inside look at the innovations and technologies that they are up against. However, CT scans are
costly to run and are not readily available to groups outside of the medical applications or related
engineering research.
One of the main goals in this research was to determine if additive manufacturing is a
worthwhile venture for golf manufacturers. The testing done in this study showed that an
additive manufactured replica clubhead outperformed the traditional one, but with the high price
tag of metal additive manufacturing. Its value might not be in printing end-user clubs, but rather
for rapid prototyping during design of next generation clubs. Similar to how this study evolved
through plastic prototypes and eventually a final metal prototype (see Figure A-4), golf
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manufacturers could elevate the effectiveness and creativity of their design processes by
implementing an additive manufacturing R&D approach. However, for customers who are able
to afford the cost of metal 3D printing, like world-ranked professional golfers, manufacturers
could benefit from the technology by being able to create very customized clubheads that fit the
swing mechanics of that specific golfer. This is especially opportune as the science of swing
mechanics has become a growing part of players’ training regimens in the past decade.
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Chapter 5
Further Research and Closing Remarks
Though this research accomplished enough to make initial conclusions on the effective of
additive manufacturing for the sport of golf, much more testing and research could be done to
validate and build on these findings.

5.1 Further Testing
Time constraints restricted this study to only testing with two testers at approximately 20
drives each tracking only distance by sight. The next recommended testing phase would be to
work with the GTRC to use their expertise and equipment to conduct more distance and swing
mechanic testing. They possess TrackMan equipment which uses doppler radar technology to
track multiple different swing parameters including clubhead speed, ball speed, attack angle, ball
spin, and more. It is used by the best professional players across the globe to refine their games
and by television networks to help gather swing information to report to the viewers. With their
help, it would be optimal to be able to test each club with four or five golfers, each of different
age, experience, and handicap.
Having a range of abilities will help in the analysis of whether the printed clubhead is
better for golfers at a certain experience level or all golfers across the board. With the TrackMan,
they will be able to compile a performance sheet that contains all those different swing
parameters for each club, as seen in Figure A-5.
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An important statistic that one could calculate with the TrackMan quantities is the Smash
Factor, which is ball speed divided by club speed. It signifies the amount of energy transferred
from the clubhead to the ball, with a higher number translating to more power being leveraged
into the ball- an optimal drive has a Smash Factor of 1.5. Not to be confused with the C.O.R.,
this measurement would be key in analyzing which clubhead results in better power transmission
from the golfer to the ball. All this more comprehensive testing will aid in figuring out what
differences in the clubheads lead to different effects on the ball at impact .
An even more extensive and optimal testing opportunity would be to take the clubheads
to a site with a robotic golf hitting machine to obtain perfectly consistent swings which would
eliminate any human error or inconsistencies. However, these machines are rare, and their only
main benefit would be to provide evidence as to which clubhead definitively hits further.
Another beneficial testing phase would be to conduct fluid dynamic testing on the
clubheads to compare the effectiveness of the trip-step and bottom curves of each club. Even a
small difference in the resolution on the printed trip-step versus the original could result in
different club dynamics affecting the distances achieved by each club.
Lastly, calculating the C.O.R. of the printed clubhead would be especially important to
ensure it is within the legal limit. If not, then even more research will need to be done into how
to edit the model, materials, or processes used for additive manufacturing to ensure that a printed
clubhead’s properties meet regulation. Otherwise, the technology would be rendered useless for
producing end-user clubs.
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5.2 Further Research
Apart from additional testing, more research can be done in relation to additive
manufacturing to further advance the technology for golf. One opportunity would be to look into
using multiple materials in the print process to achieve a more versatile design, for example a
titanium body and steel face.
Another important development would be to test the durability and endurance of the 3D
printed and original parts in order to assess the lifetime of both versions. Golfers of any level like
to invest in clubs they know will last many years; therefore, it is important to figure out the
average lifetime of a printed club versus a traditional one if additive manufacturing is to one day
be used to mass produce clubs.
Manufacturers would also benefit by investigating how additive manufacturing can be
used to produce new, complex geometries that cannot be fabricated with traditional processes.
With all the capabilities of additive manufacturing, it is possible someone could even reinvent
the way a driver is shaped. Additionally, many current drivers contain moving parts, such as
sliding weights to adjust the loft and draw, and additive manufacturing has been proven to be
able to create objects with moving parts. For the golf industry, this means manufacturers could
get creative with the geometry, mechanics, and placement of these sorts of moving parts and
create more effective drivers.
It is also important to note that although the 3D printed version outperformed the original
version in this study, which might not be the case for every clubhead out there. This study
selected the Callaway XR16 to replicate using additive manufacturing, but choosing a different
brand or model with different geometry using the same scanning and printing processes may
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yield different results. It would be valuable to repeat the same procedures used in this study with
many different types of clubheads to see how often the printed versions outperform the originals.

5.3 Closing Remarks
Though additive manufacturing has exploded in popularity in the past decade, it has not
been widely used to make end-use products in the sports industry, particularly in golf. Some of
the most recent developments have been in 3D printing putters or irons but few groups have
ventured to testing it with drivers. The purpose of this thesis was to explore the possibility and
capabilities of additive manufacturing for golf club drivers. This was achieved through reverse
engineering techniques, specifically three-dimensional CT scanning, and laser-based powder bed
fusion additive manufacturing.
A metal printed replica of a top-notch driver on today’s market, the Callaway XR16, was
successfully modeled, printed, and tested against the original. The 3D model and resulting print
verified the immense capabilities of 3D scanning and reverse engineering and how they can be
used to study things like never before. The results of the testing process showed that the
additively manufactured replica outperformed the original for two golfers of different experience
levels. Longer distances were consistently achieved, and the replica had better handling at impact
than the original. The high cost of metal additive manufacturing is one of the major barriers
preventing it from becoming widely used in sports engineering, but research studies like this one
should continue to be performed in order to get the industry excited about it. Though more
comprehensive testing needs to be done to validate the results in this study, they could be pivotal
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in proving additive manufacturing’s benefits for the golf industry and creating more customized
and effective clubs for the next generation of golfers.
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Appendix A
Additional Figures

Figure A-1. Inside view of CT scan

Figure A-2. View of extraneous material generated from CT scan
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Figure A-3. Dan Merrell testing printed XR16

Figure A-4. Progression of prototypes
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Figure A-5. Sample clubhead performance sheet
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Appendix B
Additional Tables
Table B-1. Material Data Sheet for Titanium 6Al-4V [22]

Physical Properties
Density

Metric
4.42 g/cc

English
0.160 lb/in³

Mechanical Properties
Tensile Strength, Ultimate
Tensile Strength, Yield

Metric
>= 895 MPa
>= 828 MPa
@Strain 0.200 %
>= 10 %
105 - 120 GPa
0.31
41.0 - 45.0 GPa
5.0 t
@Thickness 2.00 mm

English
>= 130000 psi
>= 120000 psi
@Strain 0.200 %
>= 10 %
15200 - 17400 ksi
0.31
5950 - 6530 ksi
5.0 t
@Thickness 0.0787 in

Electrical Properties
Electrical Resistivity
Magnetic Permeability

Metric
0.000168 ohm-cm
1.00005

English
0.000168 ohm-cm
1.00005

Thermal Properties
CTE, linear

Specific Heat Capacity
Thermal Conductivity
Melting Point
Liquidus
Maximum Service Temperature, Air
Beta Transus

Metric
9.00 µm/m-°C
@Temperature 0.000 - 100 °C
9.40 µm/m-°C
@Temperature 20.0 - 425 °C
9.70 µm/m-°C
@Temperature 20.0 - 650 °C
0.586 J/g-°C
6.60 W/m-K
1674 °C
>= 1636 °C
350 °C
995 °C

English
5.00 µin/in-°F
@Temperature 32.0 - 212 °F
5.22 µin/in-°F
@Temperature 68.0 - 797 °F
5.39 µin/in-°F
@Temperature 68.0 - 1200 °F
0.140 BTU/lb-°F
45.8 BTU-in/hr-ft²-°F
3045 °F
>= 2977 °F
662 °F
1820 °F

Component Elements Properties
Aluminum, Al
Carbon, C
Hydrogen, H
Iron, Fe
Nitrogen, N
Oxygen, O
Titanium, Ti

Metric
5.5 - 6.75 %
<= 0.080 %
<= 0.015 %
<= 0.40 %
<= 0.050 %
<= 0.20 %
87.6 - 91 %

English
5.5 - 6.75 %
<= 0.080 %
<= 0.015 %
<= 0.40 %
<= 0.050 %
<= 0.20 %
87.6 - 91 %

Elongation at Break
Modulus of Elasticity
Poissons Ratio
Shear Modulus
Bend Radius, Minimum
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Table B-2. Distance Testing – Original Clubhead (Goyal)

Original XR16
Suryan Goyal, Male, 22
years old, 6 yrs golf
experience, 20-25
handicap
Trial
1
2
3
4

Flight Yardage Total Yardage Golfer's Hit Rating (1-5) Club Feel Rating (1-5)
180
3
3
200
3.5
3.5
170
3
3
170
3
3

5

190

4

3

6
7

170
175

3.5
3

3.5
3.5

8

190

3.5

2

9

190

4

3

220
185.5
16.1

5
3.55
0.6

2.5
3
0.5

10
AVERAGE
STANDARD DEVIATION
END

Golfer Comments/Feedback
slice right
draw left, felt good off tee
draw left, felt good off tee
draw left, felt good off tee
hit a little off toe, hollow
sounding feel
slightly left, hit center, felt
good
weak hit
decent hit, felt bad off tee,
club felt cheap and clangy
straight hit, high loft, felt ok
off tee
best hit so far, decent
distance, bad feel
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Table B-3. Distance Testing – 3D Printed Clubhead (Goyal)

Printed XR16
Suryan Goyal, Male, 22
years old, 6 yrs golf
experience, 20-25 handicap
Trial
Flight Yardage Total Yardage Golfer's Hit Rating (1-5) Club Feel Rating (1-5) Golfer Comments/Feedback
Straight hit, decent feel,
1
215
4
3.5 louder pop
2
225
4.5
4 straight hit, solid feel off tee
3
215
3.5
3.5 ok hit, felt forgiving,
4
200
2.5
3.5 bad hit, still decent distance
5
200
3.5
4 ok hit, straight, good feel,
6
170
3
3.5 high hit, felt good
7
190
3
3.5 loud pop
very loud, good hit, felt
8
220
4
4 powerful
great hit, felt very solid
9
240
5
4.5 coming off tee
good hit, felt very hard and
sharp sound coming off
10
215
4
3.5 clubhead
mishit slice, still felt good off
11
165
2
3.5 clubhead
straight solid hit, felt good off
12
205
4
4.5 clubhead
high hit, carried well, good
13
220
3.5
4 feel
high mishit, still good feel and
14
195
2.5
4 carry, felt forgiving
AVERAGE
205.4
3.5
3.8
STANDARD DEVIATION
20.7
0.8
0.4
END
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