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Adding Inexpensive Sand-Casting to Mechanical Engineering
Capstone — Impacts on Student Inventiveness and Attitude

Introduction

The mechanical engineering capstone course at University of Florida (UF) challenges
seniors to combine design and manufacturing skills to produce a working product prototype for a
customer external to the course. During the prototyping phase, parts are either purchased off the
shelf (OTS) or fabricated using the most appropriate manufacturing methodology available in the
Capstone Design Lab (e.g., 3D printing, machining, bending, or water jetting). While desktop
additive manufacturing processes can create desired parts in plastic for prototypes, there are many
concepts containing complex geometries that need to be made from metal that are best
manufactured using more flexible methods, such as metal casting. To avoid high-cost custom
manufacturing of complex parts from outside sources, UF’s Capstone Design Lab acquired a
tabletop casting furnace to be used for manufacturing complex-geometry parts using sand casting.
This equipment has cost-saving potential for the capstone projects by reducing machining waste.

This paper’s purposes are to 1) provide the necessary background information to fully
understand the key elements of metal casting in an engineering Capstone course and 2) document
how the availability of in-house sand casting impacts students’ design thought process and
enjoyment of the course. These goals provide direction for future capstone project curriculum
development to exploit the potential of sand casting for prototyping purposes while remaining
under safe working conditions in the lab. This process can also lead to a significant cost reduction
in the capstone project development and raw material purchase, as metal waste from subtractive
manufacturing processes can be recycled to perform casting.

Background & Theory

Sand casting is associated with a limited number of Capstone senior design programs offering
bachelor’s degrees in Materials Science and Engineering [']. However, the technique is absent in
the mechanical engineering Capstone literature; presumably because it is not used elsewhere to
support ME senior design. Some casting examples do exist in ME manufacturing laboratory
classes [",""], but predominantly simulation is used in leu of the physical casting process to aid
student learning and understanding of underlying phenomena. ['V,"]

To incorporate sand casting applications in an ME Capstone senior design course, we deployed
the “Energy Engineering Laboratory Module” (EELM) pedagogy. EELM posits that energy is
ubiquitous across all Science, Technology, Engineering, and Mathematics (STEM) curricula, and
thus pragmatic energy engineering lab experiences can be spirally inserted into any college or high
school STEM course. A growing catalog of EELM examples permeate the literature that
demonstrate and share the following characteristics: they are 1) economical, 2) hands-on, and 3)
“turnkey”. EELM pedagogy has been used to incorporate additive manufacturing into middle
school classes [V1]; teach high school biology, chemistry, and physics labs [V Vi X]; demonstrate
thermodynamics applications to high schoolers [*,¥]; teach hands-on fluid mechanics classes
[l Xiii xiv xv xvi xvit]. add gas turbine experiments to thermodynamics classes [XV111 XX XX xXi]. and
anchor ME Capstone projects in solar concentration [ building energy auditing [*VV,¥V],



and waste-to-biogas generation [*V1].

The EELM connection to sand casting, enabling its spiral insertion into an ME Capstone course,
is focus on fluid mechanics and heat transfer. Fluidic characteristics that affect the quality of the
final cast part include molten metal fluid viscosity, surface tension, inclusions in the material, and
the solidification pattern of the alloy. Another important parameter is time for part solidification
so they can be removed from the mold and quenched to obtain the desired microstructure. The
solidification time for casting, based in heat transfer fundamentals, is estimated using Chvorinov’s
rule [*Vii]

V n

Usolidification = C* (A_) (1)
S

where C is constant depending on the mold material, VV is the volume of the cast part, A, is the

surface area of the cast part, and n is the coefficient of cooling which ranges from 1.5 to 2.

Also, while the cast part is undergoing solidification, it experiences shrinking effects caused by
the phase change from liquid to solid. Part shrinkage must be accounted for during mold creation
to obtain accurate dimensions for the final cast part. Part shrinkage highly depends on the
coefficient of expansion and contraction of the material being used in the casting. For instance,
Aluminum has a contraction percentage of 7.1%, meaning that the part will shrink about that same
percentage during the solidification phase.

Methods - Pedagogy

UF’s ME Capstone design course has implemented several innovative pedagogical best
practices arising from being a low-resourced, high enrollment two-semester program with both an
on-paper design component and a build-realization component.[*V1'] Innovations include 1) a
sophisticated Qualtrics-based peer evaluation system [*¥™], 2) implementation of an Open
Educational Resource (OER) mechanical engineering design textbook [***], 3) use of SolidWorks
Project Data Management software for CAD administration [**], and use of online presentation
environments to accommodate large numbers of panelists at final oral presentations [**'']. Addition
of sand casting capability to the course to complement the conventional machining already
available is another innovation to expand student learning and utility of the course as preparation
for professional practice.

The Summer 2022, a new benchtop sand casting capability was introduced to UF’s ME
Capstone senior design course. The class had an enrollment of 13 students broken into a team of 7
and one of 6. Both student teams worked with the same Customer Needs Statement to build a sun-
tracking 1 m? reflecting heliostat for sunlight focus and concentration to a 1 m? collector target
atop a 100-meter-tall tower for power generation. Each team built a single working prototype unit
of its unique sun tracking heliostat design with understanding that ~2,000 identical units would be
mass produced in the future to meet the solar power plant’s needs.

From the outset, students were informed of the availability in lab of a Quickmelt tabletop
furnace allowing small parts to be sand cast. The foundry’s capabilities were demonstrated in class
by the Teaching Team. Student teams were not required to use this capability for their build
process. Both Capstone groups initially elected to cast parts. One group was successful in casting
viable parts but the second was not successful, and they decided to abandon the technique early on



in the course in lieu of more conventional Capstone fabrication methods. This dichotomy set up a
natural experiment enabling comparison of the two teams’ attitudes toward casting given that they
were otherwise subjected to near-identical scholastic expectations, constants, and conditions
within the course.

At the end of the semester, students were assigned via the Canvas Learning Management
System an extra credit assignment consisting of five open-ended self-reflection questions
concerning casting. Of the 13 enrolled students, 9 (69.3%) answered the questions, and they were
awarded full extra credit regardless of the content provided. These 9 students include 6 of 7
students from the group that used casting responded along with 3 of 6 students from the group
electing not to cast. The questions were as follows:

1. Comment on how sand casting capability in Capstone influenced your design thinking.

2. Describe how using sand casting in Capstone helped connect the course with other ME
disciplines (e.g., manufacturing & heat transfer).

3. Explain how ability to cast parts yourself (not watching someone else or a video but doing it
yourself) enhanced understanding of the casting process.

4. Did sand casting improve your enjoyment of the Capstone course? Explain your answer.
5. Did sand casting in Capstone improve your efficacy as an engineer? Explain your answer.

Once responses were collected, answers were made anonymous to protect student identity. After
the course concluded and grades were conferred, a member of the Capstone Teaching Team (and
co-author of this paper) read all the responses, coded them to categorize students’ answers, and
categorized the results for analysis.

Each sentence written by a student in their response was evaluated individually by the coder to
ascertain whether it included a substantive and relevant comment. If a sentence was deemed
substantive, the comment was color-coded with similar ideas coded with similar colors to facilitate
a qualitative bunching together. After several read-throughs of all the answers, they were
categorized into six major categories emerged through a process of subjective classification and
consolidation, including tangible benefits, curriculum connection, improved understanding,
enhanced enjoyment, effect on product and negative comments. Once this process was complete,
a second evaluator reviewed the categorization to verify validity of the sentence coding.

Methods - Casting Procedure

The Capstone Design lab was equipped with a Quickmelt tabletop furnace that allowed
metal parts to be sand cast. During the Summer 2022 semester, this equipment was used to cast
various objects to teach Capstone students best practices for quality parts to be cast in a safe and

controlled environment. In this section, the detailed casting process for educational labs is
described.

Safety — General



Casting safety protocols are the most critical aspect of this operation. General lab safety
guidelines include wearing long pants and closed-toe shoes. A lab staff member should always be
present when this process is performed. The mold generation process involves oily sand particles
that end up coating most of the mold frame surroundings; so, safety goggles and gloves are
constantly required in the casting lab.

Safety — Furnace Setup & Liquid Metal Pouring

To protect the furnace operator and anyone surrounding the equipment, face shields and leather
gloves are always required during equipment setup. The equipment’s temperature reaches over
2000 °F, representing enormous danger if safety measures are not followed correctly.

Before turning the furnace on, the operator and anyone within 6 feet of the area needs to be
fully protected with high-temperature Personal Protection Equipment (PPE): 1) a leather jacket
covering the torso and arms, 2) a leather apron covering the torso and legs at least until the knees,
3) leather gloves placed over the jacket sleeves fully covering the hands, 4) foot protectors
enclosing all the front side of the shoe and the lower part of the legs, and 5) a visor protecting the
entire face. Figure 1 shows the minimum equipment required to perform casting in the lab.

Visor covering entire fas
Leather jacket
Leather apron

Leather gloves

Fig. 1 Minimum high-heat PPE equipment required for in-lab casting.

In addition, tongs are required to handle the hot crucible, and a graphite stirring rod is needed
to mix the slurry. Even though the leather gloves provide high-temperature protection, they will
get hot when in contact with high-temperature objects, such as the furnace handle. Very short
leather glove contact with hot objects represents no harm to the operator, but longer contact
transfers heat through the gloves and will burn the skin. Under no circumstances should the
crucible or molten metal be in contact with any of the PPE equipment used.

Safety — Cast Part Handling

High-temperature PPE can only be removed after the furnace has cooled down, the sand mold
has been opened, and the cast part has been quenched for at least 10 minutes. After the final part
is quenched for 10 minutes, it can be handled with minimum PPE. In addition, part features can



be sharp. So, post-manufacturing de-burring must be completed before parts can be safely handled.

Sample Part Creation

The initial step is creating a mold that represents the desired final cast part. This part will
be referred to as the “pattern”. Prusa 13 MK3S+ is used to print the pattern. Although 3D printing
allows the creation of complex geometries, it is important to consider the limitation of mold
creation when 3D printing the sample part. Too small features are difficult to be transferred to the
sand mold, and they are lost during the metal pouring process. After various attempts to create and
mold the final casting part, it was found that only features greater than 5 mm in depth are possible.
Additionally, most internal part features must be machined using post-manufacturing methods as
casting inserts are not available in the lab. The sample part created by the group electing to proceed
with casting, shown in Fig. 2, depicts an internal feature (hole) that is machined using post-casting
processes in a lathe.

Fig. 2 Sample part modeling and removal feature with pin attachment.

When 3D printing the sample part, print layers are visible in the part surface as shown in Fig. 3,
which causes sand particles to adhere to these layers. To minimize this phenomenon, printing
settings for the sample part were set at a layer height of 0.1 mm. When working with small and
detailed features, surface treating the sample part before creating the mold is recommended; for
instance, sanding the surface smooth. Best results were obtained when sanding the PLA sample
part with 120J-CTC-Aluminum Oxide sanding paper until no clear visible printing lines were
observed.



Fig. 3 Sample part filament printing layer lines.

Mold Creation

Once the pattern is printed and its surface treated to achieve the desired finish, the green
sand mold can be created. The equipment needed, shown in Fig. 4, includes 1) the pattern, 2) a
cast-iron mold frame, 3) Petrobond sand, 4) parting powder, 5) gloves, 5) a compression tool, and
6) a hard flat surface.

Casting sand o
i TR L ’ .?Parting pthfé’iéf‘
Flat surface

® 3
3

Fig. 4 Parts needed for sand mold generation.

The parting face of the mold frame needs to be placed flat. When the mold is completed,
the part cavity (core) should be aligned with the parting line of the mold frame, and the external
faces of the mold should be fully covered with sand. The sample part must be coated with parting
powder, and powder should be distributed across the flat surface inside the mold frame area to
provide a release agent layer, Fig. 5 (Step 1).

Because Petrobond sand is a wet mixture, it forms lumps which can cause excessive air
gaps in the mold. These gaps are not visible. However, it may distort the final product geometry.
After multiple mold attempts, it was found that using the finest sand around the sample part can
reduce the air gaps and generate the strongest bond between the particles. These bonds are essential
when removing the sample part to retain desired fine features in the mold. To eliminate lumps, the



sand was sifted using a kitchen strainer to create a fine mixture.

Once the sample part is fully covered with fine sand, as shown in Fig. 5 (Step 2), sand
compression is performed around the entire sample part and mold frame’s interior. This can be
done using gloved fingers first, then other tools such as a round stock to apply greater forces to the
sand and compress it further. To finalize this process, the mold needs to be fully filled with
compressed sand, represented by Fig. 5 (Step 3), and leveled to obtain a flat surface at the opposite
end of the sample part, Fig. 5 (Step 4). If this process is performed correctly, the sand mold will
hold the sample part in place and its area will be tightly filled with sand, as shown in Fig. 6.

Step 1

Step 3 Step 4

Y =L Yo ’ﬁi

Fig. 6 .Corhplete(i sand mold with sample zi;'t in place.

After one side of mode is created, the other half can be easily done by filling inside area
with sand and compressed until solid. For a pattern with different sized cross sections, it is



recommended to split the part into uniform cross-sections and place one on each side of the mold.
Alignment pins could be used to help aligning them correctly when combining the top and bottom
sides of the mold. An example of a variable cross section part that could made using this approach
is shown in Fig. 7. The side with the gear teeth should be molded in one end of the mold, preferably
the bottom, while the shaft of the gear should be molded on the top frame.

Top Frame

Parting Line

Fig. 7 Sample part to mold using both ends of the mold frame.

It is recommended to create the mold molten metal flow features before removing the
pattern to avoid damaging the mold cavity. A sprue is a tapered channel from the top of the mold
from which the molten metal flows into the mold parting section. To produce the sprue, the two
mold frames are placed together and the specific location where the molten metal will flow through
is identified. Using this reference location, a hole through the sand is created on the top frame
where the molten metal will be introduced. Additionally, creating the pouring basin on the side of
the sprue provides a pouring management system that prevents the molten metal from falling
directly into the cavity of the mold where it could damage features preserved in the sand. The sprue
channel and the pouring basin feature are represented in Fig. 8a. They are located at the opposite
face of the parting line of the top frame mold. Also using the sprue channel created at the parting
side of the top frame, an exhaust runner must be carved along with another through hole located
outside the sample part area. This vent allows exhaust gasses to leave the mold and avoids air
pockets forming inside the cast part. The exhaust vent features can be seen in Fig. 8b.
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Fig. 8 Top mold frame pouring and exhaust features.

Once the top mold frame is finalized and ready for casting, the last mold preparation step
is removing the pattern from the sand mold. This generates the cavity for the molten metal to take
the shape of the pattern. This step is the most challenging, as it is the primary definer for the quality
of the cast. We used the negative side of the pattern as a guide on the surface of the mold to hold
the sand features in place while removing the pattern from the mold. A free body diagram (Fig. 9)
reveals the physics behind the methodology.

Trial-and-error revealed the shrinkage scaling factor of the negative sample part was 6-7%
for aluminum. The scaling factor is essential for the negative part, as casting at the same
dimensions introduces interference between the parts that does not allow removal from the mold.
This interference is produced by the tolerance of the 3D printers and the contraction of the plastic
after being melted on the nozzle of the printer.

Pulling Force
'y
pulling Force Negative of gear Reaction

; N forces of the

l negative teeth

1 | pogticte
i {011 i | L 1

Friction forces Friction forces
between gear between gear
teeth and sand teeth and sand

Fig. 9 Free body diagram of both sample part removing methodologies.

Applying the necessary support on the negative of the sample part generated the mold used
for the first gear cast in the lab (Fig. 10). Note the mark left by the negative sample part.



Fig. 10 Gear sand mold generated using the negative sample part for support.

Furnace equipment and guidelines

UF’s ME Capstone Design lab is equipped with a Quickmelt Pro 120 furnace available from the
Tabletop Furnace Company ($599 at time of publication). This equipment provides 1500 watts of
power, rapid heating over 2200 F, and graphite crucible attachments for multiple volumes required
[l The material used for the Capstone casting process was Aluminum 6061. After the furnace
reaches steady state, the crucible glows bright red and the metal inside is fully liquified (Fig. 11a).
If the raw material has impurities, these emerge as slag at the top of the crucible, and they can be
removed, fished out, with the graphite stirring rod. If the process is done correctly, the molten
metal should look like a bubble of aluminum inside the crucible, which will create a viscous layer
at the top (beginning of solidification) if the lid of the furnace remains open for extensive periods,
as shown in Fig. 11b.

@ - | O

Fig. 11 Powered furnace with molten Aluminum inside.

With the casting aluminum fully liquified, the molten metal is quickly poured into the



pouring basin created at the sand mold’s top face. This area in the mold allows the metal to flow
slowly into the sprue, creating a laminar flow into the cavity. Laminar flow is beneficial for mold
filling as it does not produce eddies that could disturb the sand in the mold. The mold is filled until
molten metal can be seen emerging from the sprue and/or the exhaust channel, meaning that the
core was filled with metal.

After pouring is complete, the empty crucible should be placed back in the furnace for the
final cool-down or to begin the process of melting metal again. Cool down time should be
calculated using Chvorinov’s rule, Eq. 1, with a factor of safety. Once the part is solidified, the
mold frame is removed. Tongs can be used to separate the mold at the parting line, and the
solidified cast part is removed from the sand. Next, the cast part can be submerged in cold water
to initiate the quenching process until fully cool it down to room temperature. Parts must reach
room temperature inside before any post-manufacturing processes occur.

Results - Final Cast Parts

One of the two Capstone groups in the Summer 2022 senior design class required customized
planetary gears with a 4:1 reduction to facilitate axial motion of their heliostat. The outer gear
housing was fabricated via waterjet cutting, but the inner gears themselves were not available
commercially and could not be fabricated in-house via conventional machining processes. This
group were thus highly motivated to sand cast the planetary gears. So, this group followed the
above-outlined process to make their gears, and the results can be seen in Fig. 12.

Fig. 12 Final cast part detailing mold features.

Additionally, the multiple cast gears are compared based on the various detail methods used. In
Fig. 13 the first cast gear (left) has big deformations due to the low compression of the sand mold
around the teeth. This issue was resolved by following the step of adding fine sand to the mold and
compressing it with fingers before adding the rest of the sand. The second cast gear (middle) was
created using a mold with no pouring basin. The gear developed an air bubble inside its structure
that was not visible until post-manufacturing processes were completed. To avoid this issue the
mold should contain all the previously mentioned characteristics and the liquid metal should flow
under laminar conditions when filling the mold core. Lastly, the third cast gear (right) was created
following every step of the procedure described above. It is the most accurate representation of a
final product, which validates the procedure described above.



Fig. 13 Final cast gears using multiple methods to define their final characteristics.

Figure 14 shows the final planetary gear assembly with the cast gears in this project in conjunction
with a ring gear manufactured using waterjet cutting.

Fig. 14 Cast gears used in a planetary gear set for the capstone project.

Results - Pedological

Collected anonymous student answers to extra credit survey questions described above
were coded by a Teaching Team member to categorize students’ answers. In general student
comments about casting fell into six major categories: 1) Tangible benefits of casting, 2)
Connections to other courses in the ME curriculum, 3) Improved understanding of the casting
process, 4) Enhanced enjoyment of the class, 5) Casting availability impact on design thinking,
and 6) Negative comments. Of the 67 total unique comments made by the 9 students who
completed the voluntary survey questions, 55 were positive and 12 were negative. Figure 15



summarizes and quantifies the count of specific answers identified as fitting into each category.

Tangible Benefits

Curriculum Connection

Improved Understanding

Enhanced Enjoyment

Effect on Product

Negative Comments

0 1 2 3 45 6 7 8 9101112 13 14 1516 17
# Student Comments

Fig. 15 Student response results reflecting attitudes on sand casting in Capstone.

With respect to the 12 total negative comments there was a distinct disparity between
students from the group that successfully cast gears and the group that did not pursue casting. On
average the group that succeeded in casting made 0.83 negative comments per student survey
response while the group electing not to cast made 2.33 negative comments per student. Negative
comments from the successful casting group focused on detail-level issues with the process itself
such as poor dimensional accuracy or difficulty releasing the pattern from the sand mold while
preserving small features. For example, one student said,

“The casting failed several times because the friction between the sand and the gear was too big.”
By contrast negative comments from the group that did not employ sand casting viewed the process
from a larger perfective of being inadequate to form the part geometry they sought. For example,

one student said,

“Using sand casting to make worm gears is totally impossible because we can’t make worm gear-
shaped sand molds; otherwise, the gears would still be too rough and discontinuous.”



The most numerous type of positive comments were centered on the tangible benefits of
sand casting. There were 17 of these comments with the highest clusters surrounding cost savings
(5 total comments) and process capability (5 total comments). Other mentioned benefits were
possibility to reduce or recycle waste, ability to make metal parts for material variety and
temperature endurance, and process speed. On average the group that succeeded in casting made
1.5 benefits-related comments per student while the non-casting group made 2.67 comments per
student. It was interesting to note that despite not incorporating casting into their build process,
the latter group illuminated more benefits per student than the team that employed casting. A
student from the group that did not cast said,

“Sand casting is great for small complex geometry parts that would require significant material
removal if those parts were machined.”

Similarly, a student from the group that did cast said,

“Casting in the class can help in manufacturing parts that are easier to cast than machine, which
opens possibilities to pursue different designs.”

There were 12 total unique mentions in the student survey comments of how sand casting
in Capstone connected the class to other courses in the ME curriculum. Table 1 gives the names of

each class mentioned and the number of mentions in the complete survey data set.

Table 1: Student ME Curriculum Connections

ME Course # Comments
Manufacturing 6
Material Science 3
Heat Transfer 2
Thermodynamics 1

There were 11 comments in the student survey responses related to how pragmatic
application of sand casting in Capstone improved their understanding of this manufacturing
technique itself. Most notable among comments of this type was the variety comments illuminating
detailed understanding arising from carrying out the process themselves. Understandably 10 out
of the 11 comments of this genre came from the group that performed sand casting while only 1
comment arose from those who did not. Comments described new understanding of the following
details (with # of mentions in parentheses):

Casting limitations and capabilities (3)
General process steps/sequence (2)
Choice of equipment and materials (1)
Safety considerations (1)

Mold creation (1)

Pattern removal techniques (1)

Time required to cast parts (1)

Slag removal (1)

IOTMMUO®m>»

Enhanced student enjoyment also was mentioned 11 times, and interestingly this topic was also



more intensely represented among the students who did not cast (2.00 mentions per students) than
those who did (0.83 mentions per student). The majority of these comments reflected the students’
appreciation of learning through pragmatic, hands-on experience and the opportunity to learn and
test new skills. For example, a student from the casting group said,

“Putting processes in practice is one of the best ways to learn and master a subject.”
Similarly, a student from the non-casting group said,

“Most of our classes are theoretical and we rarely have the opportunity to make parts; sand casting
not only expands our creative ideas but also enriches our experience.”

Finally, there was a small set of four student survey responses addressing how availability
of casting in Capstone impacted the engineering design process. A representative comment of this
type from a student who participated in casting was: “Having the ability to sand cast parts in senior
design affected my design thinking by allowing me to be more creative when we needed very
specific parts. We could allow ourselves more flexibility in the design because we knew that
custom parts could be made through casting.”

Discussion

Is there pedagogical value in incorporating benchtop sand casting into ME Capstone as a
general best practice? Thanks to application of EELM pedagogy, casting capability can be spirally
inserted into a Capstone lab for less than $1,000 using the equipment and protocol outlined here,
which puts the process cost on-par with adding a hobby-scale 3D printer or an entry-level tabletop
manual milling machine to a Capstone shop. For comparison, at time of publication, a Prusa MK4
3D printer costs $1,099 **V], and a SIEG X2D Mini Mill costs $999 [**V].

This study included a very small sample size (9 survey responses) and lacked direct results
(e.g., course assessments) to corroborate student self-reported indirect evidence collected through
surveys. So, discussion and conclusion drawn can only be categorized as preliminary. Nonetheless,
this student produced a preponderance of positive student comments (67) about casting in
Capstone that far outweighs negative comments (12). Plus, there was a general tendency for
students from the group that did not perform casting to describe the technique and opportunity to
learn about it as favorably or even more favorably than the group that performed casting.

This evidence, through circumstantial and anecdotal suggests that adding casting to
Capstone is at least equally beneficial to student learning and enjoyment as adding a conventional
subtractive fabrication capability like machining or an additive capability like 3D printing. It is
also instructive to examine in more detail juxtaposition of topical areas students described in
answering the survey questions with anecdotal observations about their design process.

Tangible Casting Benefits vs. Effect on Product/Process

Students recognized the cost benefit to their project and to the class in general (via
machining tailings recycling) of including a casting capability in Capstone. There were 17 such
comments, the most of any category. By contrast, however, students were nearly silent on how
access to casting impacted their creativity, design process, and the end product with only 4
comments of this type. This outcome was surprising to the authors as we believed the trend would
be reversed; that availability of casting would encourage much more design creativity in Capstone



where different thinking is valued highly. A student from the group that did not cast even stated
“our initial problem was manufacturing a torque transmission mechanism... and sand casting
would have enabled us making those parts.” Yet as seem in the comments above, this group became
fixated on a worm drive gear torque multiplier that ultimately was not viable to cast.

Even the group that did perform casting made an unusual decision to cast a set of gears
when a variety of OTS gears are available. In examining their design process, this group settled on
a planetary gear torque converter and let design considerations other than manufacturing drive the
dimensions of its components. When they finally focused on internal gear design and dimensions,
it was determined no OTS gear was available with the correct diameter and pitch to satisty all other
constraints. So, (in the words of a student) they “could allow ourselves more flexibility in the
design because we knew that custom parts could be made through casting.” However, this thinking
aligns with the classic design fallacy of Maslow’s Hammer [**V1]: “it is tempting if the only tool
you have is a hammer to treat everything as if it were a nail.” In other words, the most constrained
and difficult to fabricate part of this subsystem design was the internal planetary gears and this
group over-constrained everything else about this subsystem then vested faith in ability to sand
cast this difficult gear to rescue themselves from a poor design process. A better approach would
have been to find a viable OTS gear and design the rest of the planetary torque converter around
that OTS part. This fallacy was pointed out to the group by the Teaching Team early enough in
their process to give them time to change course. However, they fell prey to an additional thought
distorting phenomena, the Sunken Cost Fallacy. Having invested so much time in learning about
casting gears, designing and 3D printing viable patterns, and figuring out how to release gears
from sand cast molds the group felt it impossible to change direction. Ultimately casting should
have been applied to make custom parts that were neither available OTS nor easy to machine. So,
in this respect, introducing casting to Capstone proved detrimental to the student’s design process
by making them more susceptible to common pitfalls in the design process.

Improved Understanding vs. Enhanced Enjoyment

Another surprising juxtaposition illuminated by this study and anecdotal observation was
the prevalence of comments concerning the impact of hands-on experience as a learning modality
versus the impact of pragmatic experiences on student learning. At UF, the Manufacturing course
is effectively a prerequisite to the Capstone build course as it is a co-requisite to the Capstone
preregister. Therefore, students should have taken Manufacturing prior to Capstone and should be
familiar with the steps, capabilities and limitations of the casting process as a result. According to
their survey responses, they do not possess this knowledge since they are learning it in Capstone!
Perhaps the reason they do not come to Capstone with this knowledge is UF’s ME manufacturing
course is theoretical survey of fabrication techniques, and it does not have a lab component.
Repeating a student comment from above, “most of our classes are theoretical and we rarely have
the opportunity to make parts.” Thus, by adding casting, Capstone becomes the de facto
manufacturing laboratory course that should exist in the ME curriculum but does not. We observe
a similar phenomenon with mechatronics knowledge; since there is no UF ME mechanics course,
Capstone includes an entire module in DC motor, stepper motor, and servo motor control. This
module provides students the hands-on skill set needed to create functional mechanical
engineering prototypes that move as they do not learn it elsewhere in the curriculum.

Interestingly, students report enhanced course enjoyment fostered by the opportunity to
learn new skills. So, it is positive that they do learn these skills somewhere in the curriculum and
through hands-on application in Capstone rather than a pure theory-based exposure. It is, however,



worrisome that they are having these experiences for the first time in Capstone rather than learning
in a prerequisite course, bringing those skills into Capstone, and using the pragmatic experience
of designing a new product to continue practicing and mastering those skills. So, as with the
Maslow’s Hammer fallacy illuminated above, having casting capability in Capstone is generally
positive, but it does exacerbate a systemic problem in a curriculum that does not teach or
emphasize casting prior to Capstone by providing a first exposure to this manufacturing technique
when students should come to class already knowing it and developing the experience of using it
in a more complex, rich, and integrated way than simply casting gears.

Conclusion

Casting is a manufacturing process that allows creation of part geometries in metal that could be
costly, complicated, or impossible to machine otherwise. Adding a benchtop casting capability to
mechanical engineering Capstone senior design can be accomplished safely in a conventional
teaching laboratory environment for less than $1,000 — about the cost of a high-end hobby-scale
3D printer. The capability to create sand casted parts greatly expands students’ design thinking in
ME Capstone, allowing them to imagine designs that contain metallic parts that could only
previously be made in-house through an additive 3D-printing process in plastic. In the case of UF’s
summer 2022 Capstone course, availability of casting enabled one Capstone group to fabricate a
metal planetary gear system for a heliostat. In this case, plastic gears were not strong enough to
bear imposed loads, and a hobbing rig (the conventional metal gear manufacture process) was
unavailable.

After various casting attempts, a detailed procedure for in-lab benchtop casting was develop and
is provided in this paper. This procedure covers safety consideration, creating a sample part using
3D printing, sand mold creation, furnace equipment setup, and the metal pouring process.
Representations of the resulting cast gears created with the lab equipment was shown along with
discovered failure modes and explanations and recommendations to mitigate them. With this
information, mechanical engineering Capstone instructors beyond UF can successfully cast parts
for use in their institution’s Capstone courses.

An interesting benefit discovered during the process of developing this casting protocol for
Capstone using waste material from complimentary machine shop manufacturing methods as
feedstock to produce final cast products. Waste material can be melted in the furnace and used to
produce more cast parts. If implemented, this recycling process could reduce aluminum chip waste
produced in educational machine shops and make drive casting feedstock cost to zero.

Acknowledgments

The authors thank Dr. Mathew Schaefer of the Milwaukee School of Engineering for his
consultation, advice, and support in incorporating sand casting into a laboratory class. We also
thank UF alumni Robert Ponzio, Curator of the Cofrin Gallery in Gainesville, FL, for sharing his
benchtop classroom sand casting process. Finally, we thank UF alumni Ezinne Chukwunenye of
GE Aviation who developed the preliminary Quikmelt Pro startup and casting safety protocols as
part of her M.S. project.



References

'R. W. Heckel, W. W. Milligan, C. L Nassaralla, J. Pilling, M. R. Plichta, “Benefits of Capstone
Design Courses in Materials Education,” Science and Technology of Polymers and Advanced
Materials, P. N. Prasad, J. E. Mark, S. H. Kandil, Z. H. Kafafi, (eds), Springer, Boston, MA., 1998.
https://doi.org/10.1007/978-1-4899-0112-5_75

' M. Schaefer, “Use of Casting Simulation and Rapid Prototyping in an Undergraduate Course in
Manufacturing Processes,” ASEE Annual Conference & Exposition, 2016.

i K. Molyet, “Providing a Meaningful Lab Experience for a Manufacturing Processes Course,”
(,> ASEE IL-IN Section Conference, 2019. https://docs.https://docs.lib.purdue.edu/aseeil-
insectionconference/2019/classroom/3

V. Malik, A. A. Sani, A. Medi, “Study on using casting simulation software for design and
analysis of riser shapes in a solidifying casting component,” Journal of Physics: Conference
Series, Vol. 1500, No. 1, p. 012036, April 2020.

V'M. Achyarsyah, P. Puspitasari, L. S. Budi, Y. A. Wicaksono, “Shrinkage simulation analysis on
Lifter cooler big at high temperature pouring liquid metal,” AIP Conference Proceedings, Vol.
2228, No. 1, p. 030010, Y. A. April 2020.

ViD. F. Wilkins, M. I. Traum, J. G. Wilkins-Earley, “Teaching Space-Borne Recycling to Middle
School Students via 3D Printing — Managing Classroom Air Quality,” Paper AIAA 2020-0330,
Proceedings of the 2020 AIAA SciTlech Forum, Orlando, FL, USA, January 6-10, 2020.
https://doi.org/10.2514/6.2020-0330

Vil M. J. Traum, L. M. Flewellen, E. L. Legare, “College-Level Multi-Step Energy Conversion
Efficiency Experiments Should be Decomposed for High School Deployment,” Proceedings of the
American Society for Engineering Education Southeastern Section Conference, Daytona Beach,
FL, USA, March 4-6, 2018.

Vil R Y. Bisram, L. M. Bender, S. R. Niemi, T. E. Angelini, M. J. Traum, “Toward Economical 3D
Bioprinters for High School Science Laboratories,” Proceedings of the American Society for
Engineering Education Southeastern Section Conference, Charleston, SC, USA, March 13-15,
2022.

X T, R. Swanson, J. M. Collins, J. Frey, J. Zocher, M. J. Traum, “Four-Way Collaboration Between
a Non-Profit, University, Honor Society, and Charter School to Engineer Tropism Machines for
Sustainable Space Nutrition Classroom Instruction,” Proceedings of the 121" American Society
for Engineering Education Conference and Exposition, Indianapolis, IN, June 15-18, 2014.

XS. Tong, S. L. Karackattu, M. J. Traum, “Deflategate: Classroom Thermophysics Investigation
via Simultaneous Pressure and Temperature Measurement Inside a Football,” Proceedings of the
2020 AIAA SciTech Forum, Orlando, FL, USA, January 6-10, 2020.

XS Tong, S. L. Karackttu, M. J. Traum, “Indirect Assessment of Deflategate, a High School
Chemistry Experiment Simultaneously Measuring Pressure & Temperature Inside a Football,”
Proceedings of the 2020 American Society for Engineering Education Southeastern Section
Conference, Auburn, AL, USA, March 8-10, 2020.

Xt M. J. Traum, F. Hadi, “A Miniaturized Circular Hydraulic Jump for Remote On-Line Fluid
Mechanics Instruction,” Journal of Online Engineering Education, Vol. 10, No. 1, Article 3, June
2019.

Xii 7 Starks, F. R. Hendrickson, F. Hadi, M. J. Traum, “Miniaturized Inexpensive Hands-On Fluid
Mechanics Laboratory Kits for Remote On-Line Learning,” Proceedings of the 124" American



https://doi.org/10.1007/978-1-4899-0112-5_75
https://docs.https/docs.lib.purdue.edu/aseeil-insectionconference/2019/classroom/3
https://docs.https/docs.lib.purdue.edu/aseeil-insectionconference/2019/classroom/3

Society for Engineering Education Conference and Exposition, Columbus, OH, USA June 25 - 28,
2017.

XV D S. Gaikwad, S. R. Niemi, M. J. Traum, “Hurricane- & Pandemic-Resilient Instructional
Engineering Labs Enabled Via Portable Kits,” Proceedings of the American Society for
Engineering Education Southeastern Section Conference, Charleston, SC, USA, March 13-15,
2022.

*'N.T. Jones, S. R. Niemi, M. J. Traum, ““A Hands-on Learning Module Pipe-flow Velocity Profile
Interrogator Laboratory Kit for Remote Online Fluid Mechanics Instruction,” Proceedings of the
2021 American Society for Engineering Education Annual Conference, Virtual Online, July 26-29,
2021.

XIN. T. Jones, S. R. Niemi, M. J. Traum, “Mysterious Negative Velocity Profile in a Miniaturized
Velocity Profile Interrogator Solved Remotely,” Proceedings of the 2021 American Society for
Engineering Education Southeastern Section Conference, Virtual Online, March 8-11, 2021.

Xil M. J. Traum, L. E. Mendoza Zambrano, “A Fluids Experiment for Remote Learners to Test the
Unsteady Bernoulli Equation Using a Burette,” IMECE2021-12356, Proceedings of the ASME
2021 International Mechanical Engineering Congress and Exposition, Virtual - Online, November
1-5, 2021.

xili A C.Nemanic, D. S. Gaikwad, M. J. Traum, S. Garcia, H. L. Weiss, “A Tesla Turbine & Prony
Brake Dynamometer Kit for Remote Benchtop Gas Turbine Educational Experimentation,”
Proceedings of the American Institute for Aeronautics & Astronautics Scilech Forum, San Diego,
CA, USA, January 3-7, 2022.

XX M. J. Traum, H. L Weiss, “Tiny Tesla Turbine Analytical Performance Validation Via Dynamic
Dynamometry,” Proceedings of the 2019 SUstainable PolyEnergy generation and HaRvesting
(SUPEHR’19) Conference, Savona Italy, September 4-6, 2019.

X Z. Yang, H. L. Weiss, M. J. Traum, “Gas Turbine Dynamic Dynamometry: A New Energy
Engineering Laboratory Module,” Proceedings of the 2013 American Society for Engineering
Education North Midwest Section Conference, Fargo, ND, USA, October 17-18, 2013.

xd 7. Yang, H. L. Weiss, M. J. Traum, “Dynamic Dynamometry to Characterize Disk Turbines for
Space-Based Power,” Proceedings of the 23rd Annual Wisconsin Space Conference, Milwaukee
WI, USA, August 15-16, 2013.

Xt S Alamri, T. Alamri, S Almutairi, M. K. Akbar, F. Hadi, M. J. Traum, “Evaluating Forced
Versus Natural Convection for Solar Concentrating Hybrid Photovoltaic-Thermoelectric Power
Systems Made from Small Up-Cycled Satellite Dishes,” IMECE2017-70839, Proceedings of the
ASME 2017 International Mechanical Engineering Congress and Exposition, Tampa, FL, USA,
November 3-9, 2017.

it A M. Messina, R. L. Gardner, J. W. Goljenboom, Jr., J. D. LaFavor, B. M. Peterson, M. J.
Traum, “Experimental Measurement of Heat Collection Element Thermal Resistance for
Concentrating Parabolic Solar Troughs,” Proceedings of the 11" International Energy Conversion
Engineering Conference, San Jose, CA, USA, July 14 — 17, 2013.

X M. J. Traum, “Harvesting Built Environments for Accessible Energy Audit Training,”
Proceedings of the 2" International Conference on the Constructed Environment, Chicago, 1L,
USA, October 29-30, 2011.

*V'S. Lombard, M. Recsnik, M. Reynolds, J. Toland, M. J. Traum, “Time-Based Bounding Values
For Blower Door Infiltration Measurements In Buildings With Compromised Envelope



Tightness,” Proceedings of the 2011 ASEE Gulf-Southwest Annual Conference, Houston, TX, USA
March 10-11, 2011.

XV M. J. Traum, J. R. Anderson, K. Pace, “An Inexpensive Inverted Downdraft Biomass Gasifier
for Experimental Energy-Thermal-Fluids Demonstrations,” Proceedings of the 120" American
Society for Engineering Education Conference and Exposition, Atlanta, GA, USA, June 23-26,
2013.

Vit § R, Schmid. S. Kalpakjian, “Metal-Casting Processes and Equipment; Heat Treatment,”
Manufacturing Processes for Engineering Materials, Pearson, pp. 187-265, 2014.

XViiE M, J, Traum, S. R. Niemi, M. W. Griffis, N. A. Thomas, W. G. Sawyer, “Implementing an
Effective Large-Enrollment Engineering Capstone Design-and-Build Program,” Proceedings of
the 2020 American Society for Engineering Education Southeastern Section Conference, Auburn,
AL, USA, March 8-10, 2020.

XX F. Lopez, C. A. Dionisi, M. J. Traum, S. R. Niemi, “Effects of Behavioral Peer Evaluations on
‘Free Riders’ in Engineering Group Projects,” Proceedings of the American Society for
Engineering Education Southeastern Section Conference, Charleston, SC, USA, March 13-15,
2022.

XXX M. J. Traum, S. R. Niemi, P. Collins, M. Q. Jenkins, S. R. Putnam, C. M. Pinkoson, R. Gutierrez,
“An Open Educational Resource Engineering Capstone Design Textbook with Case Studies
Relevant to Student Experience,” Proceedings of the 2020 Capstone Design Conference, Dallas,
TX, USA, June 1-3, 2020.

xxi § R. Niemi, M. W. Griffis, R. A. Smolchek, M. C. Banks N. A. Thomas, M. J. Traum, “Industry
Product Data Management (PDM) Tool Integration into Undergraduate Engineering Design
Courses,” Proceedings of the 2020 American Society for Engineering Education Southeastern
Section Conference, Auburn, AL, USA, March 8-10, 2020.

Xxit [, E. Rogers, K. J. Stubbs, N. A. Thomas, S. R. Niemi, A. Rubiano, M. J. Traum,
“Transitioning Oral Presentations Online in Large-Enrollment Capstone Design Courses Increases
Panelist Participation,” Advances in Engineering Education, Vol. 8, No. 4, Fall 2020.

it T F Company, “QUIKMELT PRO 120 OZ MELTING FURNACE™" Tabletop Furnace
Company, 2015. [Online]. Available: https://www.tabletopfurnace.com/product/quikmelt-pro-
120/. [Accessed Feb. 26. 2023].

XXV “QOriginal  Prusa MK4,” Prusa Research, 2023 [ Online] available:
https://www.prusa3d.com/product/original-prusa-mk4-2/ [ Accessed April 11, 2023]

o “SIEG X2D Mini - Mill?,  Little  Machine  Shop, 2023 [Online] Available:
https://littlemachineshop.com/products/product view.php?ProductID=4962 [Accessed April 11,
2023]

xovi A H. Maslow, Toward a Psychology of Being, 3" Edition, Wiley, November, 1998.




