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Problem Statement 

 Over the course of the 2024-25 academic year, the group worked to address the problem 

of making engineering education more accessible. This is important so that the next generation 

of engineers is inspired and prepared to handle the technical challenges of the future. The 

problem was addressed by designing an interactive model of a four-stroke internal combustion 

engine. The model was built with the intention that anyone who interacts with it will be able to 

understand the information presented, making engineering knowledge more available to all. 

Within the University of Virginia (UVA) community, learning about the internal combustion 

engine in a hands-on fashion will allow mechanical and aerospace engineers to apply the 

knowledge they have gained to a widely used engineering technology. Not only will engineers 

have access to this unique interactive model, but it can also spark conversations about the pros 

and cons of the technology. The deliverables for this project include a four-stroke engine 

cutaway model for display and a 3D printed prototype that will be published online. 

Background Research 

Internal Combustion Engine (ICE) Basics 

 ICEs use a thermodynamic process called the Otto Cycle on an air and fuel mixture to 

power the engine. While the actual process has energy losses and generates entropy, it is easiest 

to imagine the cycle in terms of its ideal configuration. The first stage is an isentropic and 

adiabatic (fully-insulated) compression of the gas. Next, the gas is combusted at a constant 

volume, which then triggers an isentropic and adiabatic expansion. Finally, heat is released at a 

constant volume and the cycle repeats itself (Proctor, 2001). See Figure 1 for more details. 

2 



 

 

 

Figure 1: Ideal Otto Cycle (Science Direct) 

Internal combustion engines either make use of a two-stroke cycle or a four-stroke cycle 

(with a few exceptions). The four-stroke variety was developed in the 1870s by Nicholas Otto 

(Wang, 2020) to improve on the two-stroke mechanism from the 1860s (Harvey, 2018). There 

are a variety of differences between the four-stroke and two-strokes, both technically and 

performance-wise. The main technical difference is the absence of valves in two-stroke engines, 

which eliminates the need for a camshaft, making the two-stroke lighter and consisting of fewer 

parts. In this setup, air and fuel travel from the intake port, to the combustion chamber, and then 

out of the exhaust port. See Figure 2 below for an example of a two-stroke engine model 

(Harvey, 2018).  
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Figure 2: Two-stroke engine Model (Gas Engine Magazine) 

Each respective model could be optimal for use in different situations, but the four-stroke 

is the more widely used ICE model. This is for a variety of reasons, but the primary advantage of 

the four-stroke model is the improved fuel efficiency of its operation. The inherent efficiency of 

the four-stroke engine is because the power stroke only occurs on every other stroke. This means 

that a four-stroke engine can ideally use about half as much fuel at the same rotational speed as 

the equivalent two-stroke engine (Hilgendorf, 2022). 

 The four-stroke engine cycle consists of two rotations of the piston-crank system over the 

course of one cycle (Basshuysen, 2016). Each rotation is broken down into two stages for a total 

of four stages. The first stage is the intake stroke. In this stage, the combustion chamber expands 

and the air intake valve opens in order to suck in the air for combustion (Basshuysen, 2016). 

During the next stage, compression, the piston compresses the air in the system, maximizing the 

potential energy to be released during combustion (Basshuysen, 2016). It is during this stage that 

fuel is introduced into the system. In the third stage, the power stroke, the fuel-air mixture is 

ignited and the energy released does work on the piston. The work done is what rotates the 
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crankshaft throughout all four stages of the cycle. Finally, the exhaust valve is opened and the 

spent product is released (Basshuysen, 2016). A visualization of this cycle is shown in Figure 3. 

 
Figure 3: 4-Stroke Engine Cycle visual (Encyclopedia Britannica) 

 
 One standard version of these engines controls the intake and exhaust valves using a 

camshaft connecting to the output crankshaft by a timing belt. This design was pioneered by 

Ford in the 1930s (Ford, 1935). With precise engineering, this allows the valve openings to be 

perfectly timed by the output shaft rotation. See Figure 4 below for an example of this. 
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Figure 4: Multi-cylinder engine with timing belt (Aumet)  

Useful 3D Printing Background 

 Another part of the research consisted of looking online for similar ICE models that were 

either 3D printed or made of other materials (such as acrylic). This process was not an exact 

science; it was not necessary to look for academic and scientific sources to improve on the 

design. Rather, the goal was to study previous projects to both determine which engine 

components made sense to include in a more preliminary model and also to see how others have 

managed to integrate the necessary mechanisms of the engine with the limited material 

configurations available. 

 The technical advisor for this project provided the group with two resources to use as a 

starting point. The first resource was a video of a single-piston model made entirely of laser-cut 

acrylic. This gave the group an idea of what the final result could look like, as well as 

demonstrated that 3D printing was not the only option; other materials could be considered. The 

second was an entirely 3D printed 4-stroke engine model. Looking at this model as an example 
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allowed the group to get an idea of what a fully 3D printed model would look like, as well as 

take a look at specific part files and look into certain parts in more detail.  

 Using these examples as a starting point, the group also conducted their own research, 

finding other examples of 3D printed engine models designed by others. Utilizing Printables, a 

community database website for 3D printer users, the group was able to find a variety of 

different examples, and studied the different design decisions and aspects, such as flathead vs. 

overhead cam models or single cylinder vs. v-twin engines. See Figure 5 below for a couple 

images of some of the models the group studied.  

Figure 5: 3D Printed Engine Model Examples (Bootjevarrder Printables) 

 Completing this research prior to starting the design process was helpful because it 

helped the group consider certain design aspects that may have been neglected. It was also useful 

for the group to look at other designs to consider their shortcomings and strengths when carrying 

out the group’s design process.  
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Ideation 

 The ideation process began with each individual group member considering the general 

product description, and generating ten ideas related to the product design. They then developed 

a sketch and description for each. The scope of the ideas developed by the group members 

ranged from the overall design of the product to recommendation on specific components.  

 Ideas pertaining to the general design of the product were useful because it allowed the 

group to consider a wide range of possible directions to take. To generate ideas that sufficiently 

fulfilled the objective of the product, the group members had to have a good understanding of the 

purpose, the target audience, and other important information. Group members also had to utilize 

their creativity to come up with a variety of significantly differing ideas. At this stage in the 

design process, quantity was prioritized over quality to encourage the extensive production of 

ideas, even if a few of the concepts were a bit far-fetched. These overarching concept based ideas 

ranged from fully virtual software-based designs, to hybrid combinations of electronic and 

mechanical components, all the way to personally ignitable engine models. In this phase of the 

process, the most important consideration was the ability of the product to solve the project 

problem statement, with other contingencies such as feasibility, safety, and other important 

criteria to be considered later.  Some examples of ideas in this category can be seen below in 

Figures 6, 7, and 8.  
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Figure 6: In-line 2-Cylinder Engine Model Idea 

  

Figure 7: 3D Printed Single Cylinder Hand-Powered Model 
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Figure 8: V-Twin Cutaway Model Idea 

 Developing these concepts was an important part of the ideation process. The 

development of such a wide range of diverse ideas allowed for the group to observe patterns and 

connections between designs, discover approaches from certain designs that could be applied to 

others, and set the foundation for a more robust final design.  

 Some of the ideas produced by the group did not concern the overall design, but rather 

specific components. Ideas that fit into this category were also useful to the group because the 

application of these ideas could be considered on different overall concepts. Addressing the 

objective for the product at this scale also allowed the group to consider areas of importance 

which may have been overlooked when considering the design as a whole. See Figures 9 and 10 

below for a few examples of ideas that fit this description.  
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Figure 9: RGB LED Spark Plug Idea 

 

Figure 10: Engine Stand and Display Screen Idea 

 Each of the group members taking their own method to the ideation phase allowed the 

group to approach the objective from multiple angles, generating a wide range of ideas and 

solutions for consideration in the selection and screening phase. Each group member’s ideation 

process and documentation in full can be found in Appendix A.  

Selection and Screening 

Selection and Screening Process 

 The group implemented a two-tiered screening criteria to assess all of the alternative 

ideas generated by the group members. This system was specifically designed to keep the idea 

generation phase and the screening phase more integrated with one another. The first round of 

screening involved coming up with several screening criteria (shown below in Description of 

Criteria), that may have been neglected in the initial idea generation, but were nonetheless of 
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paramount importance in the design. These criteria were initially weighted equally to determine 

which of the initial concepts were fulfilling a sufficient variety of the criteria. The original 40 

ideas generated by the group in the ideation phase were then scored collaboratively by the group 

members, using said criteria. See Figure 11 below for the spreadsheet used to screen the ideas at 

the individual and group level. The group then considered the highest ranking ideas. Taking the 

best components from these ideas, the group created seven hybrid finalized designs that seemed 

to fulfill the design criteria most adequately. Effectively, the group narrowed down the design 

concept from the initial 40 ideas to seven final design concepts. 

 

Figure 11: Partial View of the Initial Screening Chart 

In the second round of screening, the criteria already selected were weighted based on the 

relative importance decided by the team. Using these new designs and weighted scores, a new 

matrix was developed, and similar to the first round of screening, the hybrid finalized designs 

were then collaboratively scored by the group against the newly weighted criteria. See Figure 12 

below for the matrix from the aforementioned second round of screening. The team elected to 

move forward with the design that scored the highest, which would have involved replacing 

much of the internal engine machinery with 3D printed parts to reduce internal forces and 

potentially improve visibility. However, the design was modified slightly throughout the fall as 
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specification requirements favored keeping the engine more intact than planned (see 

Specifications). 

 

Figure 12: Final Selection criteria chart 

Description of Criteria 

● Creativity (5%) 

○ Need to have some creative innovations to keep the model engaging 

○ Weight: While having some creative innovations will help set the project apart, its 

low weight is because more practical considerations need to take precedence  

● Interaction (10%) 

○ Need for an interactive model so that students can control the pace and content of 

their learning 

○ Weight: This consideration was determined to be about equal in value to the other 

major considerations, but is scored lower because a slightly less interactive design 

is less detrimental to the design than failure or poor information quality 

● Aesthetic (15%) 
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○ Model should be sleek and visually appealing 

○ Weight: By designing a visually attractive model, the design will better set up as a 

display piece and may encourage more students to interact with the model 

● Longevity (15%) 

○ Model should be built to last a long time (minimum 10 years) to be useful to 

many groups of students over time 

○ Weight: This is incredibly important because education is an ongoing process and 

the longer the design lasts, the more people will be able to interact with and learn 

from the model. 

● Ease-of-use/Accessibility (10%) 

○ Model use should be self-explanatory so that almost everyone can benefit from 

the display without prior knowledge 

○ Weight: Accessibility is important so that all who wish to interact with the model 

can do so, but there are also limited variations that can be implemented (that are 

not under consideration to meet other specs), keeping the scoring at 10%. 

● Repairability (10%) 

○ The model and any auxiliary components should be easy to repair in the future so 

that whoever maintains the model can fix it without intimate knowledge of the 

design 

○ Weight: While this attribute is not important initially, a bad failure could render 

the model useless if not repaired. The potential to use over-engineered OEM or 

easily re-printed parts in the model makes this less of an issue, explaining the 

score. 
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● Communication of information (20%) 

○ Engine information in all forms should be clearly expressed and engaging in all 

forms of communication (physical, visual/auditory, text, etc.) 

○ Weight: The educational aspect of the model is most in line with the initial 

problem statement; if the information is not well-communicated, then it loses its 

use as an educational tool, especially to non-engineering students 

● Physical Engagement (5%) 

○ Similar to interaction, physical engagement will also help students interact with 

the model 

○ Weight: Further discussion rendered this criteria as more of a “nice-to-have” 

attribute rather than a necessary component, but its great potential benefit if the 

requirement was fulfilled kept the spec in consideration. 

● Quantity of Information (10%) 

○ Need for a comprehensive discussion on engine mechanics, variation, use, and 

climate impact 

○ Weight: The educational aspect of the model is most in line with the initial 

problem statement. It is important to be comprehensive in information discussed, 

but some extra information may be expendable, lowering the importance of this 

category 

Final Choice 

Ultimately, after the ideation, selection, and screening processes, there were two 

alternatives selected. A final model featuring a purchased engine was selected based on the 

selection and screening process. Additionally, a 3D printed model was also selected as a 
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secondary project to refine the team’s design skills, expand the reach of the model, and 

streamline the development of the final product. The group elected to move forward with both of 

the aforementioned ideas because it was determined that these ideas in tandem would best 

accomplish the overarching goal of making engineering education more accessible.  

 The first deliverable of the physical project was the 3D printed prototype model. By 

working on a 3D printed prototype in the first semester, the group was able to cheaply and easily 

iterate through designs. This enabled the group to develop a deeper understanding of how the 

different components of the engine interact with each other mechanically, to determine which 

engine information to display in the final product, and evaluate the potential design obstacles in 

the final model. This part of the project also allowed the group to become familiar with CAD and 

engineering design.  

For the second part of the project, a Predator 6.5HP 4-stroke engine was cut open and 

transformed into a display model.  This was selected to be cut open and developed into a more 

permanent display. The Predator engine was chosen because it was small and easier to take apart 

compared to other proposed models such as a v-twin. It was also the more economically sound 

decision, in comparison with the other engines under consideration The single-cylinder design 

will also improve visibility compared to a multi-cylinder setup. The alternative selected included 

electronically controlled lights (and possibly sounds) controlled by a Propeller 2 microcontroller 

chip. Furthermore, it was decided that a display screen and a mobile cart setup would be the best 

way to display information and to transport the display. These designs changed as the final 

design and construction process occurred.  

16 



 

 
As seen in the screening section, the initial design called for replacing many of the engine 

components with 3D printed replicas to allow more control over design, reduce internal forces, 

and to make parts easier to replace. However, after the engine was purchased, it was found that 

the parts as purchased remain in good condition, so preserving those parts instead will not only 

create a more realistic simulation of the engine’s operation, but also should remain in good 

condition for a much longer period of time than the 3D printed alternatives initially selected (see 

Specifications for more details). 

Specifications, Technical Analysis, and Prototype Development 

This section is the most robust section of the report, aside from the technical drawings. It 

involves a summary of the design of the final display and the associated technical analysis. This 

section also discusses in depth the 3D printed prototype created in Fall 2024 to help the team 

gain a better understanding of the engine technology and cheaply practice iterative design.  

Initial Specifications 

 During the early phases of the project, the group worked to develop specifications for the 

cutaway model. Areas of consideration included physical design and upkeep, display of 

information, user safety, electrical engineering requirements, and reliability. To keep options 

open, many of the specifications were more broad and could be looked at as more “customer 

needs” than engineering specifications. 

 Physically, there were a couple of major engineering considerations that resulted in the 

development of specifications. In order for people to be able to view the engine as it rotates, it 

needed to spin at sufficiently slow speeds (determined by the group to be somewhere between 

45-180 RPM) with a desired ability for the speed to be controlled and changed by the user. The 
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electric motor must also have the torque capability to hold and rotate the engine. Both of those 

specifications required a gear reduced motor, as spinning that slowly and handling that much 

torque are not things most motors in the desired cost range can do. There was also a large 

emphasis on safety and durability. It was necessary for the engine to have both physical 

protection and an emergency shut-off to ensure that no one would get hurt getting close to the 

engine and touching a moving component. Finally, the whole display was to be portable enough 

to ensure that it could be moved from one area in the MAE building to another as needed. 

Another set of specifications considered longevity: the project should have a minimum 

ten year design life (with five years minimum maintenance), and that repairs could be made by 

UVA engineering students with the mechatronics experience to understand the wiring, should 

something fall into disrepair. Working to meet these requirements would include developing 

operation and installation documentation, careful part ordering, and fatigue life calculations for 

some of the engine parts. For cleanliness, it was also desired to keep lubrication to a minimum 

and only used where absolutely necessary. 

Electrically, it was desired to have a microcontroller to run the electric motor and other 

electronic components. This would allow for the supplemental use of screen or visual aids to 

display information, control over the engine speed, and ability to make modifications to the 

design later on. After doing some preliminary estimations, the group decided that a minimum of 

20 inputs/outputs would be needed to facilitate this. Microcontroller and circuitry assembly 

design would take this into account going forward.  

Another area where specifications needed to be designed concerned the display of 

information. The group desired to demonstrate the four-stroke cycle physically through the 

model, but there are other facts and considerations regarding engine design that the group 
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believed were necessary to discuss, including extra components that are commonly used in the 

engine, environmental impact, and other considerations. It was decided the best way to do this 

would be to have a display screen to relay through the extra information that the team wished to 

display. LED lights would also be incorporated into the design to highlight elements of the cycle 

as they run as a visual aid. 

 Other considerations included a cost constraint of $800 and navigating limited time and 

resources of the group members who are working on building the project. The project group was 

smaller than most other Capstone projects, so this was not a trivial consideration.  

 While the specifications compiled into the initial list mentioned above, changes during 

the design and construction process led to some changes in the final result. These include both 

managing new constraints and changes to the design goals of the project. In the “Components 

Description and Final Design Specifications” section below, the changes can be viewed. 

In this section, it is also important to note that the 3D printed prototype was a major part 

of the work schedule in Fall 2024, so specification analysis was performed for that device as 

well. However, specifications for the prototype were more limited. The major constraint was that 

the device had to be built and fastened entirely out of PLA, and no part was to have any “print 

supports”. This meant that design for manufacturing was critical in the design to ensure that all 

pieces fit together, and that each component could be printed as-is with no support material to cut 

away. These challenges made part geometry very specific. The device had to be hand-cranked 

and demonstrate the valve movements in coordination with the stroke. Initially, electric motor 

and LED interfaces were considered, but they were ultimately scrapped to focus on the 

mechanisms of the prototype and the design of the cutaway model. 
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3D Printed Prototype and Iteration - Fall 2024 

The team spent the majority of time in Fall 2024 dedicated to designing the 3D printed 

model, and iterating on our designs for improvement. The overarching goal was to design a 

four-stroke engine model that could be 3D printed with any standard Fused Deposition Modeling 

(FDM) printer. Ideally, this model would be uploaded to maker websites like Thingiverse or 

Printables with UVA branding such that anyone with access to a 3D printer could easily 

download and make their own copy.  

Consumer 3D printing has limitations, some of these limitations include long print times, 

layer lines causing anisotropy, and overhangs less than 45° from the horizontal (3D Printing.com, 

2024). Skilled engineers can get around these limitations through various means. For instance, 

one might print in a different orientation to get around steep overhangs, however doing so may 

orient the layer lines parallel to major forces, leading to shear. Another solution is to print with 

support material below the overhang, however this will increase material usage, increase print 

time, and may lead to imperfections in the surface texture. As a result of these challenges and the 

desired outcome, the team decided to choose some design priorities: 

1. Sacrifice Realism As Needed 

The team decided that the model need not be an exact replica of an existing engine. The 

model ought to show the core functionality of a four-stroke engine, but auxiliary components of 

the engine (such as the carburetor, heat fins, etc.) may be thrown to the wayside to enhance the 

visual appeal of the model, shorten the design cycle, or support the other design priorities. 

2. Avoid Support Material 
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Support material enables users to print practically any shape. However, support material 

has its own downsides. Support material adds to the total material usage, and thus cost and print 

time, of a part. It can be difficult to remove depending on settings used, material, or brand of 

printer. It can also lead to imperfections in surface quality. In the worst case, the weak support 

material may fail and cause a failed print. To avoid these problems, the team decided to 

challenge itself to avoid all use of support material in design. This is achieved by only using 

overhangs at or below 45° from the vertical (maybe a few degrees more if completely necessary). 

Small bridges between gaps can successfully be printed without support. In some cases, circles 

can also be vertically printed but will not be perfectly round (Protolabs, 2024). 

3. Assembly and Disassembly 

 The group wanted the model to be easily assembled and disassembled. This would cause 

users less stress/difficulty and would mean that replacement parts can be easily printed at the 

user’s discretion. The ideal scenario would be that all interfaces and fasteners would be 3D 

printed as a part of the design to make functionality as accessible as possible for anyone with a 

printer and access to drawings.  

4. Limit Required Materials  

 Many makers in the 3D printing community use external hardware such as bolts/screws, 

threaded inserts, glue, or even plastic welding to join parts together. These may be easy for some 

users, and may lead to higher strength joints, but present their own issues. Firstly, glue and 

plastic welding aren’t able to be disassembled, going against our third design principle. 

Secondly, users may be discouraged to print the model if they don’t already have this hardware 

on hand. Small volumes of hardware can be difficult to acquire and represent an additional cost, 
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so the group also decided to limit the tools required by the user to a 3D printer, plastic filament, 

and a flathead screwdriver. As a side note, the group was also aware that Polylactic Acid (PLA) 

is typically the cheapest and the most commonly used 3D printer filament, so the model would 

also need to be designed to function with this type of plastic. 

 With a drawing that can be edited on CAD relatively easily and with proper access to 

materials, 3D printing is easy to enable rapid prototyping. After all, the time it takes to iterate 

new designs is only dependent on the time it takes to print. Nearly every part was printed 

throughout different stages in the design process. In some cases, it was only necessary to print 

one small section of a part to test its functionality and save time/material. This iterative 

design/test process helped the team decide what features worked well and which ones did not. 

This experience was incredibly valuable both to the success of the model and the success of the 

team as engineers.  

                                             

Figure 13: Initial V-twin Configuration SOLIDWORKS Model 

The first design of the 3D printed model was a two cylinder, V-twin model. See Figure 13 

above for an initial V-twin configuration that was designed, but never printed. This configuration 
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was first chosen because a dual cylinder configuration would show users how the combustion 

strokes are offset to create a smoother power profile. With the first V-twin configuration, the 

team designed the engine block, cylinders, crank-shaft mechanism, and pistons. Heat fins were 

incorporated on the outside of the cylinders to incorporate more realism into the model. A 

cylinder head was then added to the model with two valves, an intake port, and an exhaust port; 

an integrated camshaft was also incorporated to ensure proper valve timing. However, after 

further discussion, the team decided to switch to a single, vertical cylinder. The main reason 

behind this decision was simplicity. The single cylinder model would not overcomplicate the 3D 

printed model, and would ensure that only the basic components and mechanisms were included. 

At this point, the team decided to shift to a single cylinder 3D printed model. 

The first single cylinder model had an angled cylinder. See Figure 14 below for a 

cross-section of this design iteration. Sides of the engine block and cylinder were exposed to 

allow for easy viewing of the internal mechanisms within the engine model. After 3D printing 

these components, a few problems were encountered. The main problem was that the offset 

centroid of the angled cylinder made the model vulnerable to instability and falling over. In order 

to combat this problem, the model was altered to have a vertical cylinder.  
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Figure 14: Initial Angled Single Cylinder Configuration SOLIDWORKS Model 

After switching to a vertical cylinder design, the team started to focus on some of the 

more specific components within the 3D printed model. After the engine block, cylinder, and 

piston assembly were designed, a pushrod valve train was designed to mimic an Overhead Valve 

(OHV) engine. This stage of development required numerous components and the most detail, 

involving a cylinder head, valves, pushrods, rocker arms, and a timing system.  

The four stroke cycle necessitates that each of the valves opens only once per two 

rotations of the crankshaft (once in intake, and once in exhaust). To time these valve openings 

with the crankshaft, a camshaft design was implemented and connected to the crankshaft via a 

2:1 spur gear ratio, ensuring that the piston will oscillate twice per one cycle of the valve 

openings. This gear interface is located on the back of the engine block to maintain visibility of 

the internals and keep the engine at a reasonable size (Figure 15). The camshaft was designed to 

have a maximum displacement of 0.15” between the lowest and highest points on the cam lobes. 

With a 1:1 rocker arm ratio, the valves and pushrods have equal displacement, meaning the 

valves would also have a maximum displacement of 0.15”. Knowing this displacement allowed 
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the team to do simple geometric calculations to determine the length of the pushrod so that the 

valve traveled properly and the follower end was always in contact with the camshaft.  

 

Figure 15: Gear Train on Back of 3D Printed Model 
 

 

Figure 16: Cross-Section Solidworks View of Sliding Snap Fit 

Up until this point, the group had been using sliding snap fits to connect large pieces such 

as the engine block halves, cylinder, and cylinder head all together (see Figure 16). Though 
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iterations were test printed and the fits generally worked, the connection wasn’t consistent 

enough to use as user printers have varying tolerances and uncertainties. Additionally, the sliding 

mechanism needed to be printed in a way that was parallel to the layer lines, meaning that there 

was a high likelihood of shear failure. The group switched most of the connections to a threaded 

hole and screw when possible. To make this easily printable, the group designed their own 

threads with a coarse pitch (0.10”) and a low overhang angle thread shape. Unfortunately, these 

3D printed screws will easily shear at the base if overtightened, so their print settings were 

modified to maximize strength and, through testing, it was determined that the assembler must 

tighten to finger tight plus a one-eighth rotation (Figure 17). These screws are used to secure the 

cylinder to the top half of the engine block; assemble the crankshaft and camshaft pieces; install 

the spark plug; and secure the rocker supports, cylinder head, and cylinder together.  

 
 

Figure 17: Custom Bolt Design in Solidworks and Over Tightened Print 

In addition to the screws, there were a few joining methods used in the last iteration of 

the model to hold it together. Firstly, the valve stems and pushrods connect to the rocker arm via 

a ball snap joint. The wrist pin–which connects the piston head to the connecting rod–is an open 
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ring which can be elastically compressed to slide it into the piston head. Then, when it is in place 

in the middle of the piston head and through the connecting rod, it has enough room to expand 

back and hold the pieces together. This is one place in the model which is not easily 

disassembled. On two of the corners, the rocker support blocks a screw from being able to secure 

the support, cylinder head, and cylinder together. So, these two corners use an “I” shaped piece 

to slide into the surface on the edge of the pieces and hold them together in the vertical direction 

(similar to a “biscuit” joint in woodworking). The two halves of the engine block slide together, 

and are held together by a small snap joint caused by an interfering cylinder that fits into a hole 

at the end of the sliding motion. Strength isn’t a concern here, as the gears for the crank and cam 

shafts also hold the two halves together. Lastly, the gears are held onto the shafts with a key 

(shaped like a pentagon with two right triangles) and secured laterally with a 3D printing 

optimized cotter pin with a square profile (Figure 18).  

  

Figure 18: Comparison to Real Camshaft for a Comparable Engine and 3D Printable Camshaft 

(HOT265 Camshaft from gopowersports.com) 

 Much like that cotter pin, it is noticeable that many of the pieces differ slightly from their 

real world counterparts. This is because these parts were optimized to be 3D printed. As an 

example, the lobes on the camshaft are not perpendicular to the shaft they are on (how they 
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would be in the real world. Instead, the lobes slope at a 45° angle to the shaft. For a comparison, 

see Figure 18. Although this differs to the trained eye, the model’s version of a camshaft is 

functionally the same and doesn’t require any supports, one of the main design principles of this 

project. The technical drawings for all of the 3D printable model parts can be found in Appendix 

C.  

 Initially, the group had hoped to integrate some electronic functionality into the 3D 

printed model. Potential additions included an electric motor to power the printed model and/or 

integrating LEDs to illuminate the engine cycle, much like in the final model. However, these 

electrical integration attempts were not moved forward for a couple of reasons. Firstly, the 

timeline to develop the final prototype was longer than initially anticipated so unrelated 

electronic design work took a back seat to the more pressing project needs. Furthermore, 

integration of electrical parts would decrease accessibility and wouldn’t follow the PLA-only 

design specification. The group decided that it was more in line with the project goals to create a 

model that was more accessible to anyone online with a 3D printer than to design a more 

technically advanced model that would be harder to assemble. 

Technical Analysis and Calculations 

Electric Motor 
One major component that required further analysis was the electric motor. There were 

two main considerations the team needed to work out: the necessary power of the motor to 

operate the machinery, and the motor operating speed. Upon doing preliminary calculations and 

physical testing in November 2024, it was determined that the motor purchased would need to 

provide about 1 ft-lb of torque to overcome gravity in moving the piston head (See Appendix 
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B-1), friction from the O-rings, and moving the camshaft that controls the valves. It was also 

assumed that the holding torque to keep the piston in place was a similar value. 

This was then backed up by calculations. Rotational torque was calculated by calculating 

the height change of the piston center of mass, O-ring friction was calculated using an online 

resource (Parker), and the camshaft was accounted for using a safety factor. After determining 

the amount of energy/torque was necessary (which was also about one ft-lb), power at different 

speed settings were evaluated to get final specifications for the motor. Based on planned 

operating conditions, this requires an engine with a minimum of 78 W power output. All 

calculations can be found in Appendix B-1, but final power results are listed in table 1 below.  

Table 1: Power Specifications at different model operating speeds 

Angular speed, ⍵ Torque Values Power Calcs 

RPM rad/s Torque 
(ft*lb) 

Safety 
Factor 

ft*lb/s HP W 

10 1.047 0.923 2 1.933 3.514*10-3 2.62 

30 3.141 0.923 2 5.798 1.054*10-2 7.86 

100 10.47 0.923 2 19.33 3.514*10-2 26.2 

300 31.41 0.923 2 57.98 0.1054 78.6 
  

The final step to working out the motor specifications was to find a motor with a gear 

reducer that would allow a minimum speed of no more than 45 RPM, to be able to interface with 

electronic speed control, and provide the necessary holding torque to work properly.  

 The final motor was selected from Stepper Online, and it is a DC brushless motor 

operating at 24 V. This allowed for a standard electrical power supply to be used and an engine 

setup that requires less maintenance than a traditional brushed motor. The motor has a built-in 
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gearbox to reduce speeds, with the operating range being less than 150 RPM. The torque output 

is over 2 ft-lbs but the power is only 60 W. The team responded to these technical limitations by 

slowing the planned rotational speed to lower the power, and by removing the flywheel of the 

engine, which reduced the inertia of the shaft and lowered needed torque input. 

Fatigue Life 
 In order to ensure that the device would meet reliability requirements and maintain 

operation with minimal maintenance, it was necessary to estimate the fatigue life of the 

crankshaft, which was to be subjected to the largest forces, even in the display model. 

After doing the calculations, the internal forces were lower than anticipated. The OEM 

machinery, being built for more strenuous operating conditions, is expected to have exceptional 

fatigue life (see Appendix B-2 for calculations). Therefore, the final design was modified to 

preserve more of the engine machinery. Going forward, it was decided that 3D printed 

modifications would only be used for support pieces. See Table 1 below for a more 

comprehensive showing of expected power requirements at some of the projected operating 

speeds. 

 In context, the final results of the fatigue calculations make sense. The engine shafts were 

designed for significantly higher loads, faster operating speeds, and more harsh environmental 

conditions than what the display will require of them. Therefore, the life of these critical parts are 

not a concern. 

Gear Cutaways and Mechanical Analysis 

 In order to provide a better view of the engine mechanisms, many parts of the engine had 

to be cut away. The biggest area of concern from an engineering perspective were the gears on 

the camshaft and crankshaft. This is because those two pieces will be experiencing forces and 
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moving during operation. While it was determined not to move forward with cutting the 

crankshaft gear due to geometric constraints, the camshaft gear still had to be analyzed to ensure 

that it could handle the loads without deforming or incurring excessive stress. 

 The gear teeth would not be analyzed because no changes would be made to the gear at 

that location. The forces applied to the helical gear were broken down into its component parts, 

and the stresses were analyzed. It was determined that the maximum stress would be on the 

outside of the gear circle, with a shear stress applied from the power transmission torque, shear 

stress from the helical angle acting on the gear tooth area, and normal stress from the vertical 

force component acting on the projected gear tooth area. To err on the side of caution, a safety 

factor of 2 was applied, and the distortion energy method was used to determine the equivalent 

stress. From these calculations, a minimum polar moment of inertia was calculated, which 

resulted in a value of 9.6 * 10-10 m4. 

 When designing the gear cutaway, the moment of inertia of the gear was compared to the 

calculated minimum value to ensure compliance. The moment of inertia was calculated by 

estimating that each section to be cut out was an arc of a specific angle (based on the thickness of 

the remaining gear at the middle diameter of the cut) and subtracting those arcs from the total 

moment of inertia. The final result was a gear with a polar moment of inertia of 3 * 10-6 m4. This 

is well over the minimum order of magnitude, and the safety factor makes sense because gear 

failure would normally occur in the teeth (to which the group made no modifications). See 

Appendix B-3 for all calculations. 

Supports and FEA 

 In order to hold the crank and camshaft in place while cutting away the front supports for 

engine visibility, support brackets had to be designed. This also included a support bracket on the 
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back that connected the camshaft to the encoder. The primary design challenge involved 

minimizing material so as to not limit visibility while also building the supports robust enough to 

hold mechanically, and making sure the brackets were in good alignment with the internal 

threads on the engine body for installation. It was decided to use 6061-T6 Aluminum due to its 

low cost, easy machinability, and decent material properties. Bearings were also installed 

surrounding the shafts to reduce dynamic load on the supports and wear on the system. Initially, 

mock-ups were made in CAD to meet the geometric requirements, but more substantial analysis 

was needed. 

 Due to the complexity of the shape and loading on the supports, it was determined to not 

do calculations by hand and simply do finite element analysis (FEA) simulations to determine 

the stresses in the support brackets. It was only necessary to model the supports; as the aluminum 

supports would be much more likely to fail than the steel. After doing the FEA, it was 

determined that the material and design were more than sufficient to handle the weights of the 

shafts, with stresses remaining below 15 MPa in all of the brackets, well below the alumnium’s 

yield strength of roughly 200 MPa. See pictures of the FEA results in Appendix B4. 

 The fourth and final support made for the biggest engineering challenge. Originally, the 

group planned to make a large circular support bracket that would support the weight of the 

electric motor and affix it to the engine through some of the bolts already being used to affix the 

encoder. However, this presented many design challenges. The geometry and alignment of all the 

engine components would be difficult to protect from shear and torque. Due to the engineering 

and time constraints, the team opted to sacrifice the aesthetic considerations and move to a 

different bracket. This bracket had two parts, a 3D printed rest for the motor to bear the weight, 
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thread and an aluminum fastening bracket, which bears no weight but keeps everything in place. 

The design prevents the motor supports from being a major failure point. 

Design of Couplings 

 Two couplings had to be made to connect the electrical components to the motor. The 

first coupling involved connecting the electric motor to the crankshaft to power the cutaway 

display. The second involved attaching the encoder to the camshaft to provide position data to 

the microcontroller.  

 To affix the encoder to the camshaft, a dual-section coupler was designed. For ease of 

assembly, external threads were machined in the coupler. A threaded hole was also placed on the 

inside of the camshaft to allow for mating between the two components. This was an easy to 

design part that was easy to assemble and disassemble. The encoder was not threaded, so set 

screws were used to affix the encoder shaft to the other end of the coupler. Aluminum was 

chosen for this coupler due to aesthetics and ease of machining. The specification for the threads 

in the application were ⅜” - 24 (⅜” nominal diameter and 24 threads per inch). The ⅜” size was 

the largest basic size thread that could be tapped into the camshaft, and the larger pitch enabled 

more thread engagement and more precise alignment than coarser options considered. 

 The crankshaft coupler was designed similarly, but on a larger scale than the camshaft. 

The design was more robust because this coupler supports more weight. Additionally, the 

coupler had an internal thread to connect to the crankshaft, because it was already threaded. In 

addition, to ensure more reliable connection between the motor shaft and coupler, three set 

screws were employed. M14 - 1.5 (14 millimeter nominal diameter and 1.5 threads per 

millimeter) threads were used for this coupler because the external threads for the crankshaft 

already existed. This coupler was made of 464 naval brass.  
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 During this stage, it was also determined to only operate the engine in the original 

spinning direction instead of the planned bi-directional operation. By spinning the motor in the 

standard operating directions, the right-handed threads on both couples would be under a 

condition where they would be self-tightening. However, running it the other way would 

potentially loosen the threads and cause some slipping from the limitations of the set screw 

tightness. The loss of that functionality to utilize threads as the fastening mechanism was deemed 

to be a worthy trade-off. 

Wiring 

 In order to make the electronics work and interface with the mechanical components, 

extensive circuitry needed to be developed. The circuitry was centered around using the P2 

microcontroller’s input/output pins and ensuring that the electrical components were wired 

according to specifications.  

 The circuits are turned on by the P2 microcontroller. Each pushbutton (8 total) has a 

pull-down resistor to ground to ensure that it is reading on and off correctly (without a current 

sink to lower the output to 0V, the pins may still read an “on” signal even when the button is not 

pressed). Two pins receive the rotary encoder speed and direction data. The encoder signals 

usually read as “on”, but when the encoder passes through a certain checkpoint, it sends an “off” 

signal to one of the output pins. The time between signals are used to calculate speed, and the 

sequence of the A channel and B channel signals determines the direction of rotation. This means 

that the A and B channels require pull-up resistors to protect signal quality. The LED channels (6 

each), are each wired to a P2 pin (to turn them on) and ground, and they have 100 ohm resistors 

to protect the pins and diodes from excessive current.  
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The electric motor, inductive proximity sensor, and Sprite 4K are wired in accordance 

with their respective wiring diagrams. The Sprite 4K uses a special two way serial 

communication protocol – the P2 transmitter sends an addressed message to the Sprite 4K which 

plays the proper video. This protocol makes it easier to code than other alternatives. 

 There are two main circuits at work powering the machine. There is a 24V, high power 

circuit powering the motor and inductive proximity sensors, and a 5V circuit sharing a ground 

powering everything else working off of the P2 microcontroller. As a result, the group is using 

optical isolator integrated circuit (IC) chips to isolate these two circuits from one another. These 

IC chips will allow the 24V and 5V circuits to communicate with each other while also 

preventing noise from the power circuit from interfering with the signal circuit. The two power 

supplies use separate grounds in the wiring configuration. This communication is done by using 

infrared (IR) sensors/diode emitters to signal information from one circuit to another. When the 

signal passes through, the chip turns on a diode which activates the power circuit, much like a 

transistor or relay. 

All of the wiring diagrams are displayed in Appendix B6. 

Components Description and Final Design Specifications 

 The main piece of the engine model is the Predator 150cc 6HP engine. This engine 

design was selected for a couple of reasons. The combination of sizing and the single cylinder 

model made it a good base for displaying all of the features desired. The use of real engine parts 

that are over designed for the forces and operating conditions of the model satisfy the groups 

specifications on fatigue life, operability, and limited need for maintenance.  

 To power the model, a 24V, 60W brushless DC motor from Stepper Online was selected. 

This motor provides several operational advantages: its reduction gearbox gives it a high holding 
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torque and will allow it to operate in the 50-150 RPM range that is desired by the group. Also, 

because it is brushless, the service life should be much better than their brushed counterparts. 

Power for the motor and signals come from 24V, 480W and 5V power supplies that are 

electronically isolated to prevent signal noise.  

 In order to connect the electronics to the engine block, an extensive system of supports 

and couplings were created. These couplings make the needed connections between the motor 

and engine shafts, supports for the shafts, and rests for the engine block and motor. These 

couplings do not serve to meet specification requirements, but they do keep the setup together 

and were extensively engineered to prevent physical failure. Additionally, 3D printed mounts 

were built to connect the inductive proximity sensor to the engine, a mount for the electric motor, 

and the control panel for people to control the display.  

For the final mechanical consideration, a mount was cut and constructed out of wood to 

serve as a base for the entire engine display and house electronics. Components that were at risk 

of moving were bolted into the wood piece to secure them. The oak wood was chosen for 

aesthetics and structural considerations. An H-beam was machined in the wood shop, and then 

the team mounted components by drilling holes in the board to fasten the bolts and screws into. 

This design was able to balance both the prominence of the display while also keeping it portable 

to move it to an optimal display location.  

 A perfboard was soldered with all the necessary components to facilitate the electronic 

controls. Electronic control is facilitated by the Propeller 2 microcontroller chip. This complex 

chip has 64 input/output pins to control the wide variety of circuits needed to make the design 

work. There are two main circuit operations built out in the project. The first circuit setup 

controls the engine speed and motion. This is facilitated by using an Uxcell SN04-N inductive 
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proximity sensor to locate cam position and a Taiss E38-6-360-24G rotary encoder to determine 

the speed and direction of the engine rotation (via the camshaft). With this information being fed 

to the microcontroller, the controller can process this information and change the motion of the 

engine as needed according to the software. This satisfies the motion control requirements. 

While speed control was initially planned, during the design phase it was deemed to be an 

unnecessary part of operation. However, the capabilities of all of the components allow for this 

to be incorporated in the future.  

The other circuitry controls the LEDs and information display. The LEDs are 

programmed to come on when certain stages of the engine cycle are reached, improving the 

information delivery of the model. The display screen gave the group much more freedom to be 

creative with the engine information, easily satisfying the education requirements initially set out 

by the group.The information was displayed on an 1080p, 180Hz, Acer 23.5” XF243Y monitor. 

This enabled the group to present extra information with facts, figures, and text. This provided a 

“museum-style display” feel to the project where it did not already exist. By using a MedeaWiz 

DV-S4 Sprite 4K, the group was able to save the information slides as videos and display them 

on the monitor using the Sprite. 

With the components provided, the display model (while not completely meeting every 

design requirement initially scoped in October) fulfills the primary design objectives of the 

project. The electronic and mechanical components safely operate in the ranges they were 

designed to handle, and are over-engineered for longevity purposes. By using the Propeller 2 

chip, electronics can be fixed and modified using a system that all UVA mechanical engineers 

learn in their mechatronics course. The size of the display board provides a balance of stability 

and portability that would be hard to match with something larger. The LED lights and the 
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display screen will enable the robust information delivery and create the exhibit feel. During the 

course of the project, the group learned to adjust the success benchmarks in order to keep 

designing a successful project in line with the problem statement.  

All drawings can be found in Appendix C. 

Assembly and Testing 

Assembly of Display 

 Development of the assembly began in late Fall of 2024, when the engine was purchased 

and work began to take it apart and clean it out. Extensive machining was done in the winter of 

2025 to enhance the visibility of the display and to cut holes for the various supports and 

couplings needed to attach the electronic components. This involved cutting out viewports in the 

engine for the process to be illustrated, taking holes and tapping threads in the back for the 

attachment of electronic equipment, and cutting out the carburetor for an auxiliary display.  

The supports were first designed in CAD and then water jetted out of aluminum plate. 

Couplings were made by machining stock pieces of aluminum and brass. A laser cutter was used 

for the acrylic stroke indicator control panel and the wood box that contains the stroke indicator. 

By the middle of Spring 2025, all of the physical parts were created and ready for assembly. 

 Once the parts and couplers were made, the assembly process began. The process was 

fairly straightforward. The first step involved the fastening of the support brackets around the 

shafts and onto the engine, and the installing the connections of the motor and encoder to the 

engine. There was some iteration to ensure that all of the components were properly aligned at 

this time, and testing of the basic functionality of the electric motor and associated couplings was 

completed in this stage.  
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 As the newly machined components were being re-attached to the engine, the wiring and 

electrical work began. First, the wiring diagram was completed and all of the circuits were able 

to be tested on a breadboard. Next, electronics began to be integrated into the physical setup. 

This involved the installation of LEDs within the machine, assembly of the user interface, and 

proper wiring of the motor and microcontroller. The display screen was picked out and wired 

into the setup with an HDMI cord. The different circuits were tested on a breadboard for general 

functionality and edge cases before being soldered onto a perfboard in their final configuration.  

Independently, the display to showcase the engine was built. There was not much to 

consider from an engineering standpoint, so aesthetics, accessibility and durability were 

prominent. The display also had to house the 24 V and 5 V power supplies that run the display. 

The display was made out of wood (creating a wide H-beam), and the cutting was done by using 

a table saw to cut notches out of the wood block. The different pieces were then glued together to 

form the display board. The different components were then mounted and then the bolt holes 

were drilled into the wood block for proper fastening.  

The completion of the mounts and component fastening was done in parallel with the 

perfboard soldering so that the electronic and physical configuration were completed with a few 

days to spare for final testing. Testing occurred in the last few days before project completion.   

After bench testing of the electronics and final iteration of the mechanical components 

were completed, the final wiring configuration was completed. This helped to clean up the 

connections between the electronic components and the perfboard, and moved the power strip 

from the workbench to the display itself. Punch-list items such as a safety warning were also 

installed after final testing, which brought the project to completion. 
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Testing of Functionality 

 Testing of the physical and electrical components were necessary to ensure proper system 

performance. While engineering analysis was done for most components, that alone was not 

sufficient to ensure no unexpected issues arose.  

Testing of the physical components was fairly straightforward during the initial assembly. 

Most parts, including the supports and all but one of the couplings functioned as intended 

immediately. However, the coupler that connected the crankshaft to the electric motor had two 

problems: an unintentional chamfer in the machining meant the motor shaft could not slide all 

the way in, and the set screws were too long, creating slippage potential and an eyesore. This was 

fixed by machining the extra bit of material out, and adding new set screws with a much better 

fit. There were also iterations of the support bracket geometry to ensure the best alignment with 

the engine block and to maximize visibility inside the engine. 

When the display apparatus was fully built, more problems started to arise. Firstly, the 

cam followers created a loud squeaking noise while riding on the camshaft. This was solved by 

adding a dry lubricant to the cams. Another problem was that the mounts for the monitor and 

motor were too weak to hold up the components. The monitor mount was fixed by ensuring that 

the back of the motor was clamped to the wooden base. The motor mount’s clamping and bolt 

tightening were made stronger to mitigate the motion to a passable level, but replacing the mount 

with a stiffer material is still needed. 

These tests reinforced the necessity of the iterative nature of design. The calculations and 

drawings did not take into account these potential pitfalls (and in the case of the noise, the 

analysis would have been prohibitive to do). It took building the apparatus and working out the 

remaining problems one by one to bring the mechanical components to functionality. However, 
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the group’s understanding of fundamental mechanical engineering principles was what allowed 

these problems to be easily found and mitigated using scientific analysis.  

There were issues with the electronic components too. The main problem was that the 

encoder was officially rated to run off of 5-24 volts (this was also specified on its label), so the 

group initially wired the encoder at 5 volts. However, it was later found that, because the encoder 

had a 5 Volt linear regulator in its internal circuitry, an extra 2 volts (7 volt minimum) was 

needed to enable proper functionality. So the technical datasheet for this encoder was wrong! 

The group had to implement a boost converter to boost to 8V, which was sufficient for the 

encoder to operate consistently.  

One lesson learned here was dealing with OEM component sourcing. It was highly 

unusual that both the manufacturer datasheet and product label would provide the wrong 

information about the operating range of the devices. However, voltage regulators and how they 

work are concepts within the scope of mechanical engineering. The group’s understanding of the 

necessity of voltage boosting should have superseded the OEM recommendations. Component 

sourcing involves just as much engineering as design at times. Additionally, every time the 

wiring was redone, the code functioned slightly differently, mandating rewrites even when the 

code worked perfectly at a given wiring configuration. In order to ensure this instability did not 

short or damage components, fuses were installed next to the most critical electronics. 

The software testing was the most challenging part of the testing process. The encoder 

was continuing to provide problems even after the wiring was complete because it would not 

reset. This was fixed by putting the encoder control on a single method and calling the method 

when necessary, instead of dividing the encoder control into different places in the software. The 

P2 chip also had issues with its parallel processing capability. While all eight parallel processors 
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are supposed to be capable of functioning equally, only one “cog” (processor) would actually 

actuate the lights and motor. It is unclear if these issues resulted from problems in the hardware 

or issues benign triggered by other code in the algorithm. Regardless, a workaround was still 

needed to allow the system to function with what was working. This required creative 

programming because independent components could not be controlled using independent 

timing. This was solved by using multiple processors to time and track the encoder and screen 

cycle, and using the primary cog to actuate all components. This method also involved 

optimizing the wait times in the code to ensure that the cycle did not rush itself but also did not 

lag due to dead time. Solving this issue showed how a creative mechanical engineer with 

mechatronics knowledge can use software to solve electronics problems.  

Finally, the team resolved issues with the user interface. It took interaction and outside 

input to resolve issues with the button pressing and the redundancy between the power and home 

buttons. It was decided that the power button would stop the machine and the home button would 

spin it. Here it was necessary to engage with potential users and get the necessary user input to 

finalize that good design.  

All of these issues revolve around the challenges of software development came down to 

issues surrounding algorithm design. When writing code it is important to test the code piece by 

piece and comment on what each line of code is supposed to do. This allows debugging to be 

done piece by piece. It is also important to use pseudocode effectively to design algorithms that 

can be understood by the programmers. This allows errors in the code to be resolved more 

quickly and more programming to be done more efficiently. Learning the coding language used 

inside and out will also allow the programmer to understand the nuances of the code and how 

seemingly meaningless syntax can cause or mitigate massive errors. 
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Summary and Conclusions 

Fall 2024 

 The work completed in this semester involved two main objectives being completed: the 

initial design and selection of the engine cutaway display, and the development of the 3D printed 

prototype. 

 By completing the ideation, screening and selection, specifications, and technical analysis 

assignments, the group was able to determine the necessary design considerations for the 

cutaway model. Speed requirements, fatigue capabilities, electronic control standards, and 

display of information were the primary design concerns addressed by the early part of the work. 

The primary accomplishment of the semester was the identification and purchase of the Predator 

engine, whose four-stroke operation and geometric layout made it the ideal choice for the 

project. 

 The other driver of work was the prototype, whose development worked in parallel with 

the cutaway model. The group worked through the iterative design and settled on a single 

cylinder engine with a gear-timed rocker shaft to control the valves. By taking the time to build 

out the engine mechanisms, the group gained a better understanding of how the mechanisms 

actually work and how best to display the engine operation on the cutaway model. It provided a 

cheap template for experimentation that provided focus for the work in the spring on the cutaway 

model. See Figure 19 for the completed prototype. 
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Figure 19: Final 3D Printed Model 

Spring 2025 

 To finalize the prototype from the fall, the 3D printable design was published online at 

the start of the semester on Makerworld.com, Printables.com, and Thingiverse.com, which can 

be found in the References. An instructional video and written instructions were also produced to 

allow for easy assembly. The model was engaged by users online and others were able to make 

the engine model on their own, which satisfied the original purpose of the fall project.  

 In the early part of the semester, the group worked on many of the most important 

physical items. The necessary cuts into the engine were machined over the course of a few 

weeks, and further technical analysis was done to determine the necessary specifications of the 

other components (mostly the supports and brackets). At this time, the motor and encoder system 

as well as the microcontroller that would run the engine were selected and purchased. This 
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combination of P2 chip, inductive proximity sensor, and quadrature encoder allowed the motion 

of the motor to be controlled by software. 

 As the machining wrapped up in the early spring, designs for supports and connections 

were completed and machined. These included couplers for the electric motor and sensors, and 

supports that allowed the engine shafts to stay in place even though material was removed from 

the engine. At this point in time, some of the electronics were tested to ensure the design was 

meeting all intended specifications; power supplies were acquired and bench testing began. 

Physical designs of mounting pieces and the informational slides to be displayed on the monitor 

were also completed at this stage. 

At the end of the project, the components were mounted on the wooden display platform, 

and the electronics in the engine were installed. This enabled the soldering of the final electronic 

configuration and the testing of the encoder and software (which required everything to be in its 

proper place). Testing was extensive and involved working out bugs in the software, configuring 

the encoder data, and syncing the lights and display software to the motion of the engine. 

Finally, the model was completed and ready for display, and the final reporting was 

wrapped up. This stage involved optimizing wiring and electronic control, and downloading the 

program to the P2 chip’s flash memory so that the program could be continuously run while no 

power was provided to the P2 chip. See figure 20 for the final model. 
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Figure 20: Final Model 

Future Work 

 There are several areas in which work on the project could be expanded upon. These 

include both areas that the group considered but chose not to include in the final project scope, as 

well as other ideas that make for logical extensions of the work completed here. The real beauty 

in this project is that room was left for lots of add-ons. Our group tried to capture what we 

believed would be the most important features of the four-stroke engine, but there was still room 

left for other features to be added. 

 Two areas of design that were unfinished could be initial avenues for future work. Firstly, 

speed control of the motor rotation was a desired feature that was never implemented. Adding a 

potentiometer that controls motor speed would be a useful addition. Another feature that was not 
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finished was the mechanical supports. The initial supports for the monitor and the motor were 

not supposed to handle any load, but the dynamics of the motor and weight of the monitor put 

excessive stress on the mounts. Effective stopgaps were made, but replacing the PLA with stiffer 

material like aluminum could serve as a more effective long term solution. There was also some 

motion between the motor and the engine, so a flexible coupler or universal joint may be 

necessary for mechanical compliance and to prevent excessive stress. Another alternative could 

be to reduce the tolerances for the shaft fit to eliminate eccentricity.  

 Pivoting into natural expansion areas, one area that could see future work is the 

expansion of safety features on the model. People coming into contact with the model by 

touching it can be dangerous to both the people and the machine, especially if the engine is on 

and spinning. The current systems can be improved upon to make them smarter and prevent the 

worst case scenario of touching the spinning engine. One way this could be achieved is by 

adding an infrared sensor whose signal would be disrupted by someone putting their hand near 

the engine. This could trigger an “emergency stop” of sorts to stop the engine from moving, 

preventing some of the more dangerous collisions. 

 Another area could be the inclusion of more types of information display. This could be 

achieved in several ways. Additional machining or 3D printing could be done to showcase more 

of the auxiliary components in the engine. Additional audio or screens could be added to enhance 

information delivery beyond what has already been accomplished. Furthermore, the 3D printed 

prototype could be retrofitted to house electronics, allowing for that more widespread device to 

gain some of the capabilities of the permanent model. 

One more external solution that would further address the questions the project tried to 

tackle would be to figure out what other machines may be good fits to build future models on. 
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These models could be built in a similar method to the processes developed by the group over 

the course of the school year.  Learning about other systems such as drivetrains and 

electromechanical devices could benefit that hands-on experience. 
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Jonah Cicatko
MAE 4610
09/12/2024

Homework #3: Ideation

General Product Description: Dynamic and interactable educational model of a four stroke
internal combustion engine with both mechatronic and mechanical components.

Design 1: Virtual interactable engine model. Displayed on an interactive smartboard with
multiple screens, LEDs, speakers, and other augments to the educational experience.

Design 2: 2-dimensional “tabletop” engine model. Components made of acrylic or 3-D printed,
driven by stepper motors & controlled by microcontrollers. LED lights and other augments to the
educational experience also included.



Jonah Cicatko
MAE 4610
09/12/2024

Design 3: Single-cylinder, 3-dimensional battery powered four stroke engine cycle model.
Powered by stepper motors w/ LED’s and other components to highlight each phase.

Design 4: In-line two-cylinder, 3-dimensional four stroke engine cycle model. Powered using
wall outlet w/ servo motor, timing controlled using microcontrollers. LED’s and other visual
components used to show phases, as well as timing differences between cylinders.



Jonah Cicatko
MAE 4610
09/12/2024

Design 5: Cutaway internal combustion engine model. Full engine block w/ crankshaft, piston,
single cylinder, etc. for full engine viewing experience. Crankshaft rotation driven by stepper
motor, other moving components controlled using microcontrollers. LEDs used to show intake,
exhaust, etc. phases. All powered using a wall outlet.

Design 6: Full inline ICE model, complete engine block w/ crankshaft, double cylinder, pistons,
etc. Walls in the engine block & cylinder housings drilled out and replaced w/ acrylic or
plexiglass to allow for viewing of the internal components. LEDs to show phases. Powered using
a wall outlet.



Jonah Cicatko
MAE 4610
09/12/2024

Design 7: Cutaway V-twin ICE model. Motion driven by stepper motor, timing controlled using
microcontrollers & LED’s to show phases, powered by wall outlet. Display screen showing
important information.

Design 8: V-twin ICE model, crankshaft rotation driven by a stepper motor w/ microcontrollers
& LED’s used to augment presentation and show stroke phases. Wall cut out and replaced w/
plexiglass/acrylic for internal component viewing.



Jonah Cicatko
MAE 4610
09/12/2024

Design 9: Taxidermy cutaway engine model. Out of use engine taken and re-purposed as an
educational model, motion driven by a servo motor powered by a wall outlet. LEDs used to
display different strokes, microcontrollers used to control timings. Display screen w/ important
information to augment educational experience.

Design 10: Taxidermy cutaway engine model, w/ 3-D printed components. Obsolete engine
taken and block/housing used, along w/ 3-D printed pistons, crankshaft, etc. Rotation of
crankshaft powered by wall outlet. Miniature display screens w/ animations showing intake,
exhaust, etc. phases, microcontrollers to control timing. Display screen w/ important information,
as well as callable information on different components.







 

 
Appendix B: Technical Analysis 

B1: Engine Power Output 

CoM: Piston Road & Head 

 
Figure B-1: Center of mass of the Piston 
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Center of mass (from bottom of piston rod): + 3.076 in ( )  𝑦
Weight: 0.76 lbs (measured) 
CoM - Crankshaft 
 

 
Figure B-2: Center of mass of the crankshaft 
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Center of mass (from axis of rotation): - 0.24 in ( )  𝑦
Weight: 2.48 lbs 
Static Friction of O-ring (from Parker) 

 
Figure B-3: Friction of the O-ring seal 

 

 
Fig B-4: Chart to determine fc (Parker US) 

 
Piston seal friction (static) = 6.048 lbs 
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Final Torque and Power Calculation 

 
Figure B-5: Calculation of necessary torque  

 
Table B-1: Results of Power Spec 

Angular speed, ⍵ Torque Values Power Calcs 

RPM rad/s Torque 
(ft*lb) 

Safety 
Factor 

ft*lb/s HP W 

10 1.047 0.923 2 1.933 3.514*10-3 2.62 

30 3.141 0.923 2 5.798 1.054*10-2 7.86 

100 10.47 0.923 2 19.33 3.514*10-2 26.2 

300 31.41 0.923 2 57.98 0.1054 78.6 
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B2: Fatigue Life 

Shear, Moment, and Bending Stress 

 
Figure B-6: Determination of shear stress and bending moment on shaft 
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 (at interface between main shaft and lobe) σ

𝑀𝐴𝑋
= 201. 24 𝑝𝑠𝑖

 
Stainless Steel Properties and Fatigue estimation 

 
Figure B-7: Fatigue Life Calculations of Shaft 

 σ
𝑀𝐴𝑋, 𝐾𝑓

= 427 𝑝𝑠𝑖
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 𝑆

𝑒, 𝑎𝑝𝑝𝑟𝑜𝑥
= 15, 792 𝑝𝑠𝑖

This discrepancy suggests infinite life 
B3: Gear Cutaway 

 
Figure B-8: Minimum Gear Moment of Inertia 
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Figure B-9: Moment of Inertia of proposed cut gear 
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B4: Support Brackets 

 
Figure B-10: Crankshaft Mount FEA 

 
Figure B-11: Camshaft Mount FEA 
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Figure B-12: Encoder Mount FEA 

B5: Coupler Design 

There were no additional calculations done for the couplers in this section. This appendix was 
kept for consistency. See Appendix C for the CAD Drawings of the couplers. 
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B6: Wiring Diagrams 

 
Figure B-13: Perfboard Wiring 
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Figure B-14: Final Wiring 

 
 

Appendix C: Drawings - 3D Printable Model 

*Begins on next page 
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Appendix E: Bill of Materials 

 

Assembly Part No. Item 
Descripti

on 

Quant
ity 

Cost 

1 

PREDATOR 6.5 HP 
(212cc) OHV 

Horizontal Shaft Gas 
Engine 

This engine is 
cheap and 
hopefully easy 
to take apart, 
allowing for 
ease of use 
and whose 
components 
will be easy to 
reintegrate 
into the 
electric model 

1 $150.00 

2 MedeaWiz 4K Sprite 

Allows the 
group to play 
the video on 
the screen and 
control it with 
the Propeller2 
Chip 

1 $168.99 

3 

Bambu Lab PLA 
Basic (1.75mm, 1kg) 

Used to 3D 
print 
replacement 
components 
and 
connection 
interfaces as 
necessary 

1 $27.99 

4 
Electronic Motor and 

Controller 

Will power the 
engine model 
and the 
controller 
enables 
control over 
speed and 
direction 

1 $80.00 

5 
6061 Aluminum 3/4", 

1' bar stock 

Used to 
machine 

couplings for 
1 $5.40 
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camshaft 

mount 

6 
6061 Aluminum 1/2", 

6' stock 

Planned to use 
for to 

machining 
couplings for 
motor mount, 

6' order 
instead of 6" 

which we 
chose to count 

against the 
budget 

1 $11.21 

7 

McMaster Carr 9/16" 
ID Bearing, 7/16" 

width 

Provides 
support for 
camshaft 

turning and 
reduces 
friction 

2 $21.97 

8 
McMaster Carr 1" ID 

Bearing, 1/2" width 

Provides 
support for 
crankshaft 
turning and 

reduces 
friction 

1 $13.73 

9 

Acer - Nitro 27" IPS 
LED 180Hz 0.5ms 
FreeSync Gaming 
Monitor (DisplayPort, 
HDMI) - Black 

Displays 
information 

independent of 
engine cycle 

motion 

1 $199.99 

10 
ProjectSource 10-ft 
Workshop Power 

Strip- 15A 

Power strip for 
all plugins 

1 $16.98 

Total Cost 
 

$718.23 
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Many of the materials were sourced with extra mechatronics components that were unused, 
allowing for the budget to focus on more critical items. Items taken from the unused 
mechatronics components were a quadrature encoder, power supplies, LEDs, IC chips, and 
wiring components. In the future, replacement parts dedicated to the project could be purchased 
for future upkeep. 
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