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DISCLAIMER
This report was prepared by students as part of a university course requirement.  While considerable effort has been put into the project, it is not the work of licensed engineers and has not undergone the extensive verification that is common in the profession.  The information, data, conclusions, and content of this report should not be relied on or utilized without thorough, independent testing and verification.  University faculty members may have been associated with this project as advisors, sponsors, or course instructors, but as such they are not responsible for the accuracy of results or conclusions.
[bookmark: _Toc472068875][bookmark: _Toc484366957][bookmark: _Toc19096637][bookmark: _Toc146875020]EXECUTIVE SUMMARY
[bookmark: _Toc472068877][bookmark: _Toc484366959][bookmark: _Toc19096638][bookmark: _Toc146875021]The Autonomous Pinecone Collector project focuses on designing and building a small robotic system that can pick up fallen pinecones from outdoor areas such as fields and forests. The goal of this project is to make the process of pinecone collection faster, easier, and safer by reducing the amount of manual work needed. Collecting pinecones by hand is time-consuming and sometimes dangerous on uneven ground. By developing a robot that can perform this task automatically, our team hopes to improve safety and efficiency while providing an example of how small-scale robotics can be used in outdoor environmental maintenance. This project combines design, mechanics, and control systems into one machine through collaboration between Mechanical Engineering (ME) and Electrical Engineering (EE) students.
The design concept is based on a mobile robot that can travel over rough and sloped terrain while collecting pinecones into an onboard storage bin. The front section of the robot includes a rotating roller or brush-style collector that directs pinecones toward the storage container as the robot moves forward. The frame is designed to be lightweight but strong enough to support all the mechanical and electrical components. The mobility system will be designed to maintain traction and stability even on uneven surfaces, using either large wheels or a tracked configuration. This setup will allow the robot to move smoothly through different types of outdoor terrain such as soil, grass, or gravel. The control system will be designed to operate remotely during testing and may later support semi-autonomous functions. The ME team is responsible for the frame, suspension, and collection mechanism, while the EE team focuses on sensors, control, and power management.
The robot is designed to be simple, easy to repair, and maintain. Each part of the system can be removed or replaced if something breaks or needs improvement. The storage basket is placed at the back of the robot, so pinecones can be emptied quickly after collection. Safety and reliability are important goals, as the robot should work outdoors for long periods without damage or failure. The team also aims to make the system easy to use so that anyone on the team can test and operate it safely. All main parts and wires will be protected to prevent damage from dust, dirt, or moisture.
At the time of writing this report, the project is still in the design and modeling stage. The team has completed concept generation, subsystem research, and design evaluation to compare different options for the collection mechanism, suspension, and mobility system. CAD models of the main structure have been developed, and the team is preparing to begin prototype fabrication in the following phase. Once the prototype is built, the group will perform field testing to check mobility, collection performance, and structural durability. Data collected during these tests will be used to improve the design and verify that the robot meets its main goals. The total budget for this project is $3,000, which will cover materials, prototyping, and testing expenses. Additional funding may be used for spare parts or replacement components if necessary. The final deliverables will include a fully functional prototype, a complete CAD design package, testing data, and a final report that documents the design process, calculations, and results. The project will serve as a valuable example of teamwork between engineering disciplines and demonstrate how mechanical and electrical systems can work together to solve a real-world problem.
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[bookmark: _Toc472068898][bookmark: _Toc484366980][bookmark: _Toc146875802][bookmark: _Toc472068886][bookmark: _Toc484366968]BACKGROUND
This chapter of the report discusses the initial importance and motivation of the project. It provides an overview of the Autonomous Pinecone Collector project sponsored by W. L. Gore & Associates, along with the project's scope, budget and fundraising, major deliverables, and the criteria used to assess project success.

[bookmark: _Toc146875803]Project Description
The Autonomous Pinecone Collector project aims to design and build a robot that can collect fallen pinecones across uneven terrain in Flagstaff, Arizona. The goal is to create a machine that travels safely, collects efficiently, and improves manual methods.
Manual collection is slow, tiring, and sometimes unsafe. Automating this process will make pinecone removal faster and easier while reducing effort for land maintenance. The project also provides hands-on experience in robotics and teamwork between Mechanical (ME) and Electrical Engineering (EE) students.
The robot uses a tracked or wheeled drive, a front-mounted roller driven by a 12 V DC gear motor, and an onboard bin for storage. Its 6063-T6 aluminum frame and coil-spring suspension balance strength, weight, and stability. Powered by a rechargeable battery and a microcontroller control system, it can operate both remotely and semi-autonomously.
The ME team focuses on the frame, drivetrain, and collection system, while the EE team develops sensors, control, and power.
The project has a total budget of $3,000, which covers materials, manufacturing, and documentation. This funding will be used for aluminum stock, motors, fasteners, batteries, control components, and testing materials. The team also plans to raise around $300 (10%) through NAU engineering resources or small sponsorships to cover unexpected costs such as spare parts or replacement sensors. Some electrical components will be supplied by the EE team to minimize expenses and improve integration. So far, the team has not encountered major cost overruns, and the current budget is sufficient to complete prototype fabrication and field testing.
The team has completed subsystem design and evaluation, confirming that the motor, frame, and suspension meet performance needs. The next step is prototype assembly and outdoor testing to ensure reliability and safety. By project completion, the team aims to deliver a fully functional and efficient prototype.


[bookmark: _Toc146875804]Deliverables
The major deliverables for the Autonomous Pinecone Collector project are aimed at fulfilling both course requirements and client expectations, while also supporting the engineering and testing needs of the design team. By the end of Spring 2026, the team will deliver a fully functional and field-tested pinecone collection robot capable of operating on uneven, outdoor terrain.
Accompanying this physical prototype will be a complete SolidWorks CAD model, including technical drawings for all major components and assemblies. To confirm the design’s structural integrity and performance, engineering analyses such as stress evaluation and torque calculations will be performed and documented. A detailed Bill of Materials (BOM) and cost breakdown will be provided, outlining all parts, materials, and manufacturing expenses.
In addition to the physical and digital deliverables, the team will prepare a final technical report describing the design process, test procedures, and results. The completed system will be demonstrated through a live field test and final presentation to showcase its performance and verify that it meets both academic and client expectations.

[bookmark: _Toc146875805]Success Metrics
The success of the Autonomous Pinecone Collector project will be determined through several key performance areas. The first metric is operational safety. The robot must be designed and tested to operate safely in outdoor environments without posing any risk to users, property, or the surrounding environment.
The second metric concerns collection performance and reliability. The machine should demonstrate effective pinecone collection and storage capabilities across uneven terrain, while maintaining smooth mobility and mechanical stability.
Another important measure of success is maintainability and repeatability. The system should be designed so that components can be easily replaced, and its assembly process can be repeated by future teams or users.
Budget control also defines project success. The final prototype must be completed within the $3,000 budget provided by the client, with all expenditures clearly documented.
Finally, the project will be considered successful if it upholds the engineering quality and innovation standards expected in senior capstone projects, providing a reliable, well-documented, and practical solution to the defined technical challenge.

[bookmark: _Toc146875806]REQUIREMENTS
This section lists what the customer needs from the autonomous pinecone collector (CRs), translates those needs into measurable engineering requirements (ERs) with targets and units, and provides a House of Quality (HoQ) that links CRs with ERs. It is important to note that the guidelines provided by our sponsor were somewhat vague, so the CRs were obtained from clarification with our sponsor, while the ERs are practical derivations of the CRs (and are therefore subject to change later in the project as our design evolves).

[bookmark: _Toc472068887][bookmark: _Toc484366969][bookmark: _Toc146875807]Customer Requirements (CRs)
[bookmark: _Toc472068888][bookmark: _Toc484366970]CR-01 - Collect fallen pinecones effectively within a bounded area. “Effective” meaning meeting the pickup-rate target and operating with minimal human intervention.

CR-02 - Avoid jams and minimize non-pinecone debris intake. Collection/hopper system should shed unwanted debris if possible and avoid causing stoppages. 

CR-03 - Operate on uneven yard/forest terrain without causing undue damage. Maintain mobility and low ground impact on slopes/roots.

CR-04 - Simple handling and maintenance by one person. Lift, empty, and basic service should be one-person tasks.

CR-05 - Safe around people and property. Include emergency stop, guarding, and conservative contact limits.

CR-06 - Clear a typical area on a single run. Practical runtime and quick turnaround for recharging.

CR-07 - Reasonable size/weight for storage and transport. Fit through a 36-in doorway and stay manageable.

CR-08 - Low noise / no emissions at point of use. Appropriate for yards and semi-public spaces.

CR-09 - Handle expected pinecone size range. Works with common Ponderosa/longleaf sizes.

CR-10 - Autonomous operation on yard/forest terrain. Navigate and collect with minimal supervision.

[bookmark: _Toc146875808]Engineering Requirements (ERs)
	[bookmark: _Toc472068891][bookmark: _Toc484366973]ID
	Engineering Requirement 
	Target
	Units

	ER-01
	Pickup efficiency (cones collected ÷ visible cones in test plot)
	≥ 70
	% collected

	ER-02
	Hopper volume (usable)
	≥ 2.0
	ft³

	ER-03
	Jam rate during operation
	≤ 1
	jams/h

	ER-04
	Terrain handling (sustained incline)
	≥ 30
	degree incline

	ER-05
	System weight (ready-to-run)
	≤ 50
	lb

	ER-06
	Runtime per charge (autonomous)
	≥ 1.5
	hours

	ER-07
	Emergency stop response
	≤ .2
	seconds


Table 1. Engineering Requirements 
[bookmark: _Toc146875809]House of Quality (HoQ)
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Figure 1. House of Quality


[bookmark: _Toc146875810]Research Within Your Design Space
[bookmark: _Toc146875811]Benchmarking
In this section, we cover the design benchmarks that our team has chosen to aim for. These marks were based off our subsystems and what we believed was state of the art in those fields. Firstly, for the collection system we chose to focus on a company called “Bag-A-Nut" [35]. This company makes a nut harvester and collection system that we believe can be applied to our project. The main idea of the design is a rolling wheel that can grab the nuts with outstretched appendages, then collect them in a hopper for storage. We believe this to be state of the art because it is the most simple and effective solution to our problem. The next benchmark we selected is related to our frame and track system. The design we decided to follow was the RUT capstone. This is due to Professor Reza being our capstone mentor and letting us view the project. We believe that building off what it did well, and improving what it did poorly will help our own project. The frame does a great job protecting the inner machinery and supporting the tracks, but it is heavy and expensive. However, we know that we can iterate this design and modify it to better suit our design. Finally, for the last major benchmark, we chose to focus more specifically on the suspension system. After some research our team discovered that a coil spring suspension system would fit our needs best like the one used in the “Dragon Runner Reconnaissance Robot” [19]. The reason this was chosen as a benchmark is because this system is great at absorbing shocks and keeping the system level. Without this, our design could potentially miss pinecones because of lifting off the ground or bouncing around too much. Using these major benchmarks as guides for our design will be incredibly helpful to our team and improve our final product greatly. Other sub-systems we focused on included our motor options. For the motors we needed something that would offer enough torque while also being easy to automate. Our group chose to use a standard 12V motor as the mark because it is readily available and will make for easy integration for our electrical engineering team. These are all the benchmarks chosen by the team; they were selected because they are the best option for each sub-system. With our team tailoring these designs to our project, we believe that they will improve our robot greatly. 

[bookmark: _Toc146875812]Literature Review
Kyle Zarycki
[1] “Comparison of Multi-Tracked Running Gears in Terms of Obstacle Negotiation Capabilities”
This study examines multi tracked robotic platforms and concludes that adding additional tracks may increase terrain mobility but increases complexity and weight. The finding supports the teams decision to avoid multi-track arrangements. 
[2] “Modeling, simulation, and experiments of a flexible track robot over rigid horizontal and inclined surfaces,”
Ezra investigates flexible track designs that can adjust to terrain sloped, reducing slip on offroad terrain. The article introduces adaptive belt tension control that demonstrate improved traction when compared to rigid systems. The results introduced suspension discussions.

[3] “An Instrumented Wheel-On-Limb System of Planetary Rovers for Wheel-Terrain Interactions: System Conception and Preliminary Design,”
Fengs work analyzes wheel terrain interactions showing the relationship between load distribution and traction lass. The article shows correlations between slip and ground pressure. This provides derivation for the track selection equations.
[4] “Experimental comparison of locomotion system performance of ground mobile robots in agricultural drawbar works,”
This research compares tracked and wheels mobility platforms and finds that tracks generally generate higher traction underload, but consume more power. Wheels however, are faster and more energy efficient. The trade off analysis influenced the teams choice to employ a tracked system. 
[5]“The Challenges of Designing the Rocker-Bogie Suspension for the Mars Exploration Rover,”
This paper studies the rocker-bogie system found on NASA rovers. The paper explains how differential arm geometry preserves wheel contact over varying obstacles. While the system provides great terrain adaptability there are still issues found with the system. This article served as a high performance benchmark we could compare other systems too.
[6] “A Comparative Review of Omnidirectional Wheel Types for Mobile Robotics,”
The authors evaluate omnidirectional wheel systems for autonomous vehicles. They report superior maneuverability on hard surfaces but significantly reduced traction on soft or uneven ground. This guided the team to avoid omnidirectional wheels which primarily operates on forest floors.
[7]“J1269_201912: Rolling Resistance Measurement Procedure for Passenger Car, Light Truck, and Highway Truck and Bus Tires - SAE International,”
This Standard defines method for measuring rolling resistance and traction. It establishes the procedure used to find coefficients of traction (µ) and rolling resistance (Cᵣ), both of which were used in the team’s traction modeling and motor-torque calculations.
[8]“Rolling Resistance Coefficient for Real-World Roads” ResearchGate, 2021.
This data set compiles the empirical rolling resistance coefficients (Cr) for various surfaces, including asphalt, concrete, dirt, and more. The values were used to find the force required to prevent the system from rolling.
[9] R. G. Budynas, Shigley’s Mechanical Engineering Design, 11th ed., SI Units. New York: McGraw-Hill Education, 2020.
This textbook provides the foundational mechanical design equations applied in the spring and structural calculations. The text supplied formulas for static and fatigue loading of springs as well as supplying methods to validate components.
Elijah Gerstner
[10] "Frictional Properties of Red Pine Cones Harvested under Different Conditions"
 This paper measures how surface texture, moisture, and contact material affect the friction of pinecones. It includes data on sliding resistance and how cone condition changes handling behavior. For our project, it helps estimate how pinecones will move along our collection surfaces and hopper. The friction data supports design choices for material selection and reducing jams in the pickup system.
[11] "Longleaf Pine Cone Collection on the Sabine National Forest"
 This study reports real-world pinecone collection rates, area coverage, and methods used in a forest environment. It also discusses the challenges of gathering cones efficiently. We use this as a reference for realistic collection speeds and to compare our robot’s performance against manual collection. It helps set benchmarks for efficiency and hopper capacity.
[12] "Deep Learning Based Robot for Automatically Picking up Garbage on Grass"
 This article describes a mobile robot that detects and collects trash on grassy terrain using a camera and deep-learning model. It shows how image recognition and path planning can work together. It relates to our project because pinecones, like trash items, are irregular in shape and rest unevenly on the ground. The methods in this paper guide how our sensors and software can detect and position for collection (If we take that route).
[13] "Forest Robot and Datasets for Biomass Collection"
 This paper reviews forest robots and the datasets used for navigation and material collection. It focuses on unstructured outdoor environments with uneven ground and obstacles. The information is useful for our team because it outlines how robots can operate in forests similar to our test conditions.
[14] "Tracked Locomotion Systems for Ground Mobile Robots: A Review"
 This review compares tracked robot designs and their advantages for off-road terrain. It includes details about traction, turning, and power efficiency on different surfaces. For our design, it helps justify our choice to use tracks instead of wheels. The article also helps guide suspension and power trade-offs for better stability and handling on forest or yard terrain.
[15] "Fully Autonomous Long Endurance Forest Rover"
 This USDA project describes a self-operating rover that performs pine resin collection over long periods in the forest. It highlights endurance, navigation, and autonomous control. It connects to our work by showing a real example of an autonomous system working in similar terrain. It helps validate our approach to mobility, runtime, and autonomy goals.
[16] "Safety Requirements for Personal Care Robots" (ISO 13482:2014)
 This standard outlines key safety features for robots that operate near people, including limits for speed, stopping time, and contact force. Even though our robot works outdoors, this helps us design safe operation standards. It supports design decisions like adding emergency stops, safe torque limits, and covers around moving parts.

Tyler Rottkamp:
[17] “Carbon Fiber vs. Aluminium vs. Steel: Which Chassis Material is Best?,” 
This source was used to determine initial material options that should be considered for our framework. It offers an insight into the benefits of each choice; while also describing the cons that come with each. Through this source we narrowed the options down to the three choices described later.
[18] P. Fromaget, “Raspberry Pi vs Arduino: 7 Differences you Should Know,” 
This comparison shows us what each device offers to our design. After looking into the benefits of both and discussing it with our electrical team, we decided using both would be the best choice for our design. This resource helped us come to this conclusion.
[19] “Dragon Runner Reconnaissance Robot,” 
This paper was used as an early design benchmark because of the similar terrain it faced. This paper shaped how we designed our frame and tread attached to it. 
[20] P. Deepa, P. Kartik, P. Jaiswal, and Y. Kanase, “Bomb Disposal Robot,”  
[bookmark: _Int_xuWMRtuD]A contrasting view on the previous idea, this was due to a different application. Helped the team get more design ideas, and do a pro/con comparison between the two.
[21] lukegarrigan, “Coding a Roomba - Codeheir,”  
This source contains code for mapping and obstacle avoidance. Since our robot will require both, this was used as a benchmark for our code in the early stages of the project. Due to the electrical side taking over this aspect of the project, this will be the last we touch on code.
[22] Bastaki, “Drones and Robotics in Forestry: Applications and Innovations | Keshtezar,” 
I chose to use this source because it did a great job outlining the purpose of robotics in forestry environments. This helped us make a smarter design because we learned more about the enviornmental factors that our robot will face. It also has a section that touches on autonomous harvesters, which was useful industry information.
[23] I. Kamal, “Small Robot Drive Trains,” 
This paper was useful for designing our drive train because it offered examples of good systems, then talked about their performance. It also covered common design concerns that should be considered in every drive train system. With this reference, compiling our system becomes easier.
[24] “ASM Material Data Sheet,”
This was the material data sheet for Aluminum 6063-T6. It was used to find material constants for mathematical modeling.
[25] “ASM Material Data Sheet,” 
Source 25 is the same as 24, but for Aluminum 6063-T5. Used for the same calculations.
[26] Andrew, “304 Stainless Steel Properties - Physical, Mechanical Properties,” 
For the stainless steel, I had to use a different source because ASM did not have one for 304 specifically. However, this source had all the values I needed for the material selection calculations.
[27] “Aluminum 6063,” 
This source is the general price of Aluminum 6063-T6 for different sizes. This is mostly for sheet metal, but they do offer piping on their website as well. Good as a comparison point to red rock manufacturing.

3.2.4 Siyu Yu
 [28] McNulty, “A review of Li-ion batteries for autonomous mobile robots”, Elsevier, 2022.
This paper reviews different types of Li-ion batteries used in autonomous mobile robots. It helped our team understand the trade-offs between battery capacity, weight, and safety for our design. The information supports our decision to use a rechargeable Li-ion battery system for outdoor operation.
[29] Oliveira et al., “Advances in Forest Robotics: A State-of-the-Art Survey”, Machines, vol. 10, no. 2, 2021.
This paper reviews the latest developments in forest robotics, focusing on navigation, perception, locomotion, and energy systems used in unstructured outdoor environments. It helps our team understand the challenges robots face when operating on uneven forest terrain and supports our design decisions related to mobility, terrain adaptation, and power management.
[30] Xiao & Whittaker, “Energy Utilization and Energetic Estimation of Achievable Range for Wheeled Mobile Robots Operating on a Single BatteryDischarge”, Univ. of Texas Tech Report.
This technical report analyzes how wheeled mobile robots use energy and how to estimate their operating range under a single battery discharge. It provides useful methods for calculating power consumption and predicting runtime in different terrains. Our team used this resource to guide energy calculations and battery capacity decisions for the Pinecone Collector.
[31] Poskart, “Multi-Parameter Predictive Model of Mobile Robot’s Battery”, Sensors, 2022.
This paper presents a predictive model for estimating the performance and remaining energy of Li-ion batteries in mobile robots. It considers factors such as temperature, load, and discharge rate to improve energy estimation accuracy. The ideas in this paper help our team understand how to monitor battery health and manage power usage more efficiently in the Pinecone Collector.
[32] Li et al., “Localization in Unstructured Environments: Towards Autonomous Robots in Forests with Delaunay Triangulation”, arXiv preprint, 2020.
This paper presents a localization approach for autonomous robots operating in forests using Delaunay triangulation. The method builds a geometric map of the terrain from local features to estimate position without GPS. It helps our team understand how to improve navigation and positioning in outdoor environments for the Pinecone Collector.
[33] Pereira et al., “Robots for Forest Maintenance: Vision System for a Forestry Navigation Machine”, Int. Conf. Robotics in Forestry, 2024.
This conference paper describes a vision-based navigation system for forest maintenance robots. It uses cameras and deep-learning algorithms to detect obstacles and plan paths in complex forest environments. The research helps our team understand how camera-based sensing could be used in future versions of the Pinecone Collector to improve navigation and obstacle avoidance.
[34] Robotics in Forestry”, ResearchGate Survey Article, 2016.
This survey article reviews early developments in forestry robotics, including applications such as tree monitoring, debris removal, and automated harvesting. It also identifies key challenges such as rough terrain, weak GPS signals, and limited robot autonomy. This resource helps our team understand the overall background of forest robotics and how our Pinecone Collector fits within this growing research field.
[35] “36" Hickory Nut Picker-Upper - Bag-A-Nut,” Bag-A-Nut, Oct. 07, 2025. 
This source was used to benchmark the collection system. It is the most universally used for “nut” collection, including pinecones. Was instrumental in designing our collection system.

[bookmark: _Toc146875813]Mathematical Modeling
Suspension Calculations – Kyle Zarycki
Governing Equations
The total system weight is given by:
W=mg
Where m is equal to the total mass of the vehicle in kilograms, and g is the gravitational acceleration 9.81m/s. 
The weight per track is W/n, where n is the number of supporting track contact points.

Spring Force and Selection
Each suspension spring supports a portion of the total weight. The required static load per spring is
Fw=W/n 
Where n is the total number of springs. A factor of safety was then applied to the result for a load bearing design. 
Fs = FoS x Fw
The value of Fs could then be used to determine the required spring constant k. 
K=Fs/x
X represents the maximum expected compression of the spring. This formula ensures that suspension can sustain impact or dynamic loads under fully loaded conditions.

Track Geometry 
For a tracked configuration, the requires contact width is 

And the total contact are of the track becomes 

In these equations Pmax  is equal to the allowable ground pressure in pascals, L is the length in contact with the ground in meters, and b is the track width. This ensures soil pressure remains below the threshold value to prevent sinking or excessive friction.

Traction
The traction force available at the ground interface is modeled as:

And the rolling resistance as: 

Where  is the coefficient of traction and Cr is the rolling resistance Coefficient [8]. For inclined terrain, the total resistive slope force is:

These parameters were used to find a force that would be needed to overcome slop resistance and surface drag at 30 degree inclines.

Motor Selection
Motor torque is derived from the traction force and roller radius:

And the required power is:


Engineering References. 
Shigleys Mechanical Engineering Design [9] was used for load deflection and spring rate formulas, as well as deriving formulas for track and motor selection.

ResearchGate Data on Rolling Resistance [8] was used to obtain realistic coefficients for both Cr and Pmax for offroad conditions.


Calculation Results
[image: A math equations and numbers
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Figure. Suspension Engineering Calculations
Based on a robot that weighs approximately 20 kg, spring force, track width and required motor power were determined. The k value for each spring was calculated to be 482.78 N/m with a factor of safety of 1.5. The minimum Track width is 32mm and the required power to be supplied from the motor is 392.8 Watts. 

Collection Sub-Assembly – Elijah Gerstner
Hopper Volume Calculations:
This set of equations is used to calculate an estimate of the hopper volume needed to store N number of pinecones. Final pinecone capacity will likely be determined by machine geometry, but this model allows us to predict how much space should be reserved for the hopper system while designing.
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Figure. S 
The given values are sourced from literature on the average size of Ponderosa pinecones; the packing factor is a general estimate for pinecones. 
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Figure. S 
First, assume a square hopper with base measurements of 1x1ft, the height of the hopper will change with different values of N.
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Figure. S 
Second, approximate a pinecone as a prolate ellipsoid using average geometry.
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Figure. S 
Third, insert previously calculated values and the N value of desired pinecones.
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Table 2. Hopper Volume Table

Finally, this is a table of the resulting necessary volumes for 50-1000 pinecones.




Collection Prong Bending Force Calculations:

After settling on a prong-wheel design for the collection system, I assembled a set of equations that could be used to estimate the force required to bend a prong given its material, diameter, and length. Since multiple variations of prong diameter and length will be tested, this model is meant to provide guidance during prong material selection.  


[image: A black background with a black square

AI-generated content may be incorrect.]Area Moment of Inertia (Circular), prerequisite equation.
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AI-generated content may be incorrect.]Elastic Bending (Tip Rotation), prerequisite equation.
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AI-generated content may be incorrect.]Root Bending Stress, force needed for given parameters.
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AI-generated content may be incorrect.]Yield Force, to determine when a prong will permanently deform.
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Table 3. Symbols with meaning and unit.
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Table 4. force needed to impose a 30-degree bend on 4 possible example cases with varying material, diameter, and length.


Frame Calculations – Tyler Rottkamp
These calculations were done to determine which material would be the best for the frame. The three options that I chose were Aluminum 6063-T6, Aluminum 6063-T5, and 304 Stainless Steel. The reasoning behind these materials is they are all very corrosion resistant, and very widely used and machined metals. To determine which was the best choice, I found their material properties, expected weight for the design, and did an expected cost comparison. These steps are all shown below.
[image: A table with numbers and symbols

AI-generated content may be incorrect.]
Table 5. Material Properties
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[x]:
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[x]:
Through these calculations, I was able to determine that Aluminum 6063-T6 is the best option for our project. This is because aluminum is cheaper and much lighter than stainless steel, for the T-5 and T-6 decision it came down to T-6 having higher ultimate and yield tensile strength. With these calculations we can move onto acquiring the material and getting it machined.
3.3.4 Motors’s calculations-Siyu Yu
The purpose of this section is to estimate the torque, angular velocity, and power required for the spike-wheel motor used in the Pinecone Collector. These calculations ensure that the selected motor provides sufficient performance under typical field conditions, including soil contact, roller acceleration, and load-bearing friction.
Governing Equations
The total load torque on the roller is the sum of the bearing friction torque, the ground contact torque, and the torque needed to accelerate the roller inertia. This relationship is given by
[image: A black text on a white background
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where Tf  is the bearing friction torque (N·m), Tc is the ground contact torque (N·m), J is the roller’s rotational inertia (kg·m²), and α is the angular acceleration (rad/s²).
The torque required from the motor must account for the mechanical advantage of the gear system, the transmission efficiency, and a safety factor applied to ensure reliability. This is expressed as
[image: A mathematical equation with black text
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Where SF is the safety factor, G is the gear ratio, and η is the gear efficiency.
The angular velocity of the motor is related to the angular velocity of the roller by the gear ratio:
[image: A black text with a white background

AI-generated content may be incorrect.]
where ωw  is the angular speed of the roller. The mechanical power required from the motor is then determined by the product of torque and angular speed:
[image: A black and white math equation
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Where P is the mechanical power required from the motor (W), Tm is the torque at the motor shaft (N·m), and ωm  is the motor’s angular speed (rad/s).
Parameter Definition and Assumptions
For the spike-wheel, the roller radius was assumed to be r=0.12 m, with a target ground speed of v=2.4 m/s,The acceleration time was taken as ta=0.25s. The gear ratio between the motor and the roller was selected as G=10:1 with an efficiency of η=0.8. The bearing-friction torque was estimated at Tf=0.1 N\m, and the torque due to ground-contact resistance was approximated as Tc=1.0 N\m. The roller rotational inertia was calculated as J=0.0015kg\m^2, and a safety factor of SF=2.0 was applied.
Calculation Results
[image: A screenshot of a computer
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Discussion
Based on these calculations, the spike-wheel motor must be capable of delivering approximately 0.6 N·m torque at 1900 rpm, with an estimated power output of 115 W. Considering efficiency losses and terrain variations, a 12 V DC gear motor or NEMA 17 stepper motor provides sufficient performance and safety margin for continuous operation of the Pinecone Collector.
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[bookmark: _Toc146875815]Functional Decomposition
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Figure 2. Functional Decomposition Chart
The functional decomposition chart, figure X, for the Gore Autonomous Pinecone Collector breaks the system into four primary subsystems. Power, Computing, Movement, and Material Handling. These functions represent what is required for the robot to successfully collect, store, and unload pinecones autonomously. Of the four systems, Movement and Material Handling were specifically focused on since they are the mechanical operations of the robot.
Movement
The Movement subsystem enables the robot to traverse through rough terrain effectively. This subsystem includes the track system, suspension system, and motors. These elements work together to provide traction and stability as the robot moves over uneven ground. The designs generated optimize this system for performance ensuring the robot can operate in forest environments while maintaining collection operation.
Material Handling
The Material Handling subsystem is responsible for the collection, storing, and unloading of pinecones. This system includes the collection wheel, prongs, hopper, drop door, and frame. The designs generated for this system were created to effectively gather pinecones, temporarily store them on the robot, transport them, and dump them at the base station. This subsystem is the most critical part of the project's overall success and represents the main innovation of the project.
Importance
The functional decomposition is important to this project because it defines the core operations of the pinecone collecting robot. It provides a structured understanding of what goes into making each subsystem successful as well as ensuring each system integrates seamlessly. This structured approach also helps the efficiency of the team by allowing for task delegation and reducing design overlap. Ultimately, this decomposition ensures the robots development is organized so the team can focus more time on testing and validation.
[bookmark: _Toc146875816]Concept Generation
The top-level design consists of 4 systems. Suspension, motor selection, frame structure, and the collection mechanism. The following sections summarize the concept generation process for each system.
Suspension System
Four suspension concepts were considered for the project. These include, the rigid track system, vertical volute spring suspension, coil spring suspension, and the rocker-bogie suspension. The rigid track system (Figure 3.) offered simplicity and durability but lacks adaptability on  uneven terrain. The vertical volute spring suspension (Figure 4.) provides a compact and robust suspension orientation but is mechanically complex at the smaller scales. The rocker-bogie suspension configuration (Figure 6.) has excellent terrain adaptability but lacks shock absorption as well as introducing steering complexity since it consists of a wheeled system. The coil spring suspension system (Figure 5.)  demonstrates the best balance between simplicity and performance but introduces periodic spring maintenance.
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[bookmark: _Toc146875817]Motor Selection
Three motor concepts were generated for driving the autonomous robot. These consist of the DC motor, Stepper motors, and Brushless DC motors. The DC motor (Figure 7.) offers simplicity, low cost, and high starting torque however DC motors suffer low efficiency as well as increased wear due to the brush used in the motors. The stepper motor (Figure 8.) provides high precision but wouldn’t be able to supply the required torque under load. The brushless DC motor (Figure 9.) provides the best efficiency and lifespan with the downsides of an increased price.  
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Figure 7. DC motor
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Figure 8. Stepper Motor
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AI 生成的内容可能不正确。] Figure 9. Brushless DC motor



Frame Structure
Four frame concepts were developed during concept generation. The first concept was to use a lightweight pipe frame as seen in Figure 10. This concept offered minimal cost but insufficient rigidity. The second concept also used a lightweight pipe frame while adding sheet metal for protection as seen in Figure 11. This design improved protection but introduced mounting issues as well as introducing flooding issues in wet environments. The third concept introduces a two level frame (Figure 12.) that is similar to concept one. This provides more stability than concept one but doubles the weight of the frame. The fourth and final concept consists of a sheet metal body with pipes as reinforcements, as seen in Figure 13. This maximizes protection but compromises collection accessibility since this system would put the collector roller in the back.
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Figure 10. Lightweight Pipe Frame
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Figure 11. Pipe Frame with Sheetmetal base
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Figure 12. Two level Pipe Frame
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Figure 13. Sheet metal and Pipe Combination
	


Collection Mechanism
Three types of mechanisms were considered when generating concepts for the collection system. The first being the wire cage as seen in Figure 14. The wire cage is a low-cost collection system that is currently used to pick up objects like tennis balls. This system performs well at picking up spherical objects and preventing the captured objects from falling out, but performs poorly with the varying shape of pinecones. The second design consists of multiple discs to collect pinecones as seen in figure 15. This design offers simplicity and rigidity but limits he range of collectible object sizes. The final mechanism uses prongs to either pierce pinecones or lodge pinecones prongs. This system has already been proven to work with pinecones and allows for further innovation, however due to the number of prongs the manufacturing complexity increases drastically when compared to the other systems.
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Figure 14. Wire Cage
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Figure 15. Disc Collection
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Selection Criteria
Concept selection for each subsystem was based on quantifiable engineering requirements derived from the project’s objectives. Each criteria was evaluating performance estimations calculated from a combination of analytical calculations and manufacturer specifications. The selection process is summarized below. 
Suspension Criteria
	Criteria 
	Quantification
	Requirement Source

	Terrain adaptability
	Maintain stability on a slope ≤ 30 °
	Engineering Requirement #4

	Spring Stress
	Be able to withstand > 1.5 times the weight under full load
	Functional need to maintain terrain adaptability

	Weight 
	≤ 5 lbs per side
	Engineering Requirement #5


Table 6.Suspension Criteria
Based on this Criteria six topics were created to evaluate the suspension system. These six topics were Simplicity, terrain mobility, cost, durability, weight, and ease of installment. Each of these topics come from a combinations of criteria. 
Motor Criteria
	Criteria 
	Quantification

	Required Torque
	Treq> 20Nm including a FoS of 2

	Required Speed
	> 3 miles per hour 

	Power Output  
	> 500 W including a Fos of  2 

	Efficiency
	η ≥ 0.75


Table 7.Motor Criteria
The values for the motor criteria are based on require torque calculation performed at the systems worst case scenario (30 degree icy conditions). Based on this criteria five topics were created to evaluate the motor selection process. This includes meets torque and speed requirements, high runtime (efficiency), low cost, robust, and smooth operation. With torque and speed requirements being weighted the highest since those must follow calculated values.




Frame Criteria
	Criteria 
	Quantification

	Material Strength
	> 30,000 psi

	Weight
	< 20lbs total frame weight  

	Corrosion Resistance  
	Must withstand outdoor moisture


Table 8.Frame Criteria
The values for the frame criteria come from data tables that give strength and weight of aluminum. Based on this criteria, not only could a material be selected to make the frame, but also the frame designs could be evaluated. The frame designs were evaluated based on ease of collection system integration, collision resistance, cost, Structural integrity, and overall weight.

Collection System Criteria
	Criteria 
	Quantification

	Capture Effectiveness
	>= 70% retrieval 

	Prong yield force
	>20 N   

	Weight  
	<5 lb assembly


Table 9.Collection Criteria
Based on this criteria, the material of the collection system could be selected. Once a material was selected the different concepts could be evaluated. Each concept was evaluated by its effectiveness, manufacturability, cost and durability. 

[bookmark: _Toc146875818]Concept Selection
Concept evaluation was completed by using Pugh charts for all mechanical subsystems.  Baseline concepts were chosen from low-cost configurations (e.g Rigid suspension) for comparison. The concepts that met engineering requirements were scored with a weighted decision matrix. The concept with the highest score would be then selected for that subsystem.  Once a concept from each subsystem was chosen, they were brought together to make a final CAD model.   




Suspension Selection
	Criterion​
	Weight​
​
	Rigid​
	VVSS​
	Coil Spring​
	Rocker Bogie​

	Simplicity​
	2​
	5​
	-2​
	-1​
	-2​

	Terrain mobility​
	3​
	2​
	+1​
	+2​
	+2​

	Cost​
	3​
	5​
	-2​
	-1​
	-2​

	Durability​
	2​
	2​
	-1​
	+2​
	-1​

	Weight​
	1​
	5​
	-2​
	-1​
	-1​

	Ease of instalment​
	1​
	5​
	-2​
	-1​
	-3​


Table 10. Suspension Pugh chart
The rigid track system was used as a baseline to compare the other systems to because it consisted of the simplest assembly. The other systems were then compared to the rigid system on a plus minus scale. Based on the scores, the coil spring system was chosen because it achieves excellent mobility without sacrificing too much manufacturability or durability. 

Drive Motor Selection
	Criterion​
	Weight​
​
	DC Gearmotor​
	Stepper​
	BLDC​

	Meets torque & speed​
	0.3​
	5​
	4​
	5​

	Efficiency / runtime​
	0.2​
	3​
	2​
	5​

	Control & cost simplicity​
	0.25​
	5​
	3​
	2​

	Robustness / maintenance​
	0.15​
	4​
	3​
	5​

	Noise / smoothness​
	0.1​
	3​
	3​
	5​

	Weighted score​
	1​
	4.3​
	3.2​
	4​


Table 11. Motor Selection Pugh Chart
Each motor was scored on the weighted pugh chart. Based on the weighted score values, a DC gear motor was selected because of the simplicity and ability to meet torque requirements.




Frame Selection
During the frame selection process a material was first selected before scoring each frame concept. The material selected was Aluminum 6063 T6.
	Criterion​
	Weight​
	Concept 1​
	Concept 2​
	Concept 3​
	Concept 4​

	Easy Collection Integration​
	0.25​
	4​
	4​
	4​
	2​

	Collision Resistance​
	0.25​
	2​
	3​
	5​
	4​

	Cost​
	0.20​
	5​
	4​
	3​
	4​

	Structural Integrity​
	0.15​
	2​
	3​
	5​
	4​

	Weight​
	0.15​
	5​
	5​
	4​
	4​

	Weighted score​
	1​
	3.55​
	3.75​
	4.2​
	3.5​


Table 12. Frame Pugh Chart
Based on the frame selection Pugh chart, the two level aluminum frame was selected. This was due to the practical mounting application and overall integrity.
Collection Mechanism Selection
The collection selection process was different than the other subsystems due to the different components that make up the system. There are three different parts that make up this system. The capture tool, which consists of how pinecones are attached to the collection system. The rake, which is the part that disconnects the pinecones and guides them to the storage system. And the structure, which consists of how the collection wheel is supported. Each part was scored on its effectiveness, manufacturability, cos and durability. Table . shows the results of these scores.
	​
	1​
	2​
	3​
	4​
	5​
	6​

	Capture​
	4.5​
	5.2​
	8.6​
	7.5​
	6.3​
	7.0​

	Rake​
	7.2​
	8.4​
	6.8​
	​
	​
	​

	Structure​
	9.1​
	6.2​
	8.5​
	6.8​
	​
	​


Table 13. Collection Mechanism Pugh Chart
Based on the results a capture, rake, and structure were selected to create a final collection mechanism.
Final CAD model
The initial CAD model for the Autonomous Pinecone Collector represents what all of the selected subsystems would look like together. While this design may differ from the final product, it is still important to serve as a visual aid of how the systems work together. 
 [image: A machine with wheels and a square object
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Figure 17. Final Cad Model
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[Show your detailed Gantt chart for the first semester and a draft of the second semester. Show your work-breakdown-schedule and describe each task.]
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[bookmark: _Toc146875043]Design Validation and Initial Prototyping
[bookmark: _Toc146875044]Failure Modes and Effects Analysis (FMEA)
Frame
[image: ]
Table 14. Frame FMEA Table
Regarding the frame, most of the potential failure comes from the corners where the sheet metal is bent or welded. We are currently researching different joining methods including butt, lap, and fillet welded corner joints; these should help alleviate the stress concentrated at the corners. For the arms connecting to the collection wheel, we are more concerned about it breaking off due to the deflection based at the end. If we treat this subsystem as a cantilever beam, we can improve it by increasing the moment of inertia, material strength, and by creating a strong connection between the beam and frame. 

Tracks
	Component
	Major Failure Risk
	Impact
	Mitigation

	Track Assembly
	Track break / derailment
	Machine stops, damage to undercarriage
	Reinforce tracks with a steel core

	Sprocket
	rocks jam track or sprocket
	Sudden stoppage, wear, derailment
	Add debris guard, increase ground clearance

	Road Rollers / Bearings
	Bearing seizure or roller wear
	High friction, track wear, failure
	Add dust shields and add  ease of replacement

	Drive shaft / Idler Shaft
	Misalignment or fatigue
	Slipping, loss of propulsion
	Larger diameter shaft, add support brackets


Table 15. Tracks FMEA Table
Since the tracks will be one of the most expensive parts of our project, extensive calculations and research will be performed prior to fully committing to fabrication/purchase. Put simply, adding more parts or upgrading materials will have a significant effect on cost and longevity. Once acquired, they will be subjected to the same duration tests as the other systems in addition to physical abuse and forced jamming to observe the effects of debris. 

Motors
	Failure Mode
	Potential Cause
	Effect
	Severity (1–10)
	Occurrence (1–10)
	Detection (1–10)
	RPN (S×O×D）

	Motor overheating
	Excessive load, poor ventilation, high current
	Motor burnout, system shutdown
	9
	5
	4
	180

	Bearing wear
	Long-time operation, insufficient lubrication
	Reduced speed, increased noise
	6
	6
	5
	180

	Control signal loss
	Loose connection, controller malfunction
	Motor stops or runs unpredictably
	8
	4
	3
	96

	Power fluctuation
	Poor wiring contact, external interference
	Speed fluctuation, unstable operation
	7
	3
	5
	105

	Overload protection failure
	Faulty circuit design on controller board
	Motor damage due to overcurrent
	9
	2
	4
	72


Table 16. Motors FMEA Table
Overall, most of the failure risk in the motors comes from overusing or stressing them for extended periods of time. Our plan for mitigation is to purchase motors that far exceed what will be required of them to ensure that they are always operating below specifications. Once the motors are received, we will test them to ensure their speed and torque exceed design requirements. Additionally, they will be stress tested under maximum load for a period of at least an hour.

Collection Wheel
	Part
	Potential Failure Mode
	Potential Effect(s) of Failure
	Potential Causes
	Probability
	Mitigation

	Collection Wheel Prongs
	Deformation Wear
	Prong Snapping, Decreased Collection Efficiency 
	Infill density too high/low, filament material too stiff, diameter too skinny
	High
	Perform stress trials on different prong designs, infills, material`s, etc.

	Collection Wheel Caps
	Surface Fatigue Wear
	Increased Friction & Vibrations, Cracking
	Uneven surface wear
	Medium
	Add lubrication or fix caps directly to axel

	Collection Wheel Axel
	Fretting Corrosion
	Increased Friction & Vibrations
	Loose contacts
	Low
	Implement bearings at axel contact points

	Collection Wheel Tube
	High-cycle Fatigue 
	Deformation, Cracks
	Tube wall too thin, tube material too malleable
	Very Low
	Increase tube thickness or material strength


Table 17. Collection Wheel FMEA Table
[bookmark: _Int_AmMaUL9J]Regarding the collection wheel, the majority of the risk comes from high-cycle wear. Essentially all damage would cause a decrease in efficiency; however, ware should be visible prior to any critical failures. We have conducted extensive testing and calculations on the prongs to ensure that they will not snap while still maintaining high enough rigidity to efficiently capture pinecones. 

[bookmark: _Toc146875045]Initial Prototyping
Prototype 1
Prototype questions:
•Is the current material being used to print the prongs (TPU) viable? (Flexibility vs Strength)
•How will the wheel be attached to the rover base?
•Does the wheel need bearings to roll properly?
•Can the current control system/code properly articulate motors in a track system? 
•Approximately how much space needs to be reserved in the rover base for the electronics/motors?

Prototype Answers:
· [bookmark: _Int_AOWWHR78][bookmark: _Int_rwC2ysXd]Our current electronic system can operate the prefabricated rover base. In addition to a great turn radius, we have figured out how to translate motor signals into instructions that move the rover a precise distance and turn it a particular angle. 
· The current collection prong design can bend in any direction without snapping. More extensive testing is still being performed, but it appears that they still maintain enough rigidity to collect pinecones efficiently.

Next Steps:
· The collection wheel was able to rotate properly, but it was clear that it would require more weight to apply adequate downward force to capture pinecones with high efficiency. Future prototypes should have this issue addressed by default since the sub-system will be constructed out of larger quantities of heavier materials; calculations may need to be performed to verify this though. 
· While the individual prongs exceeded our expectations for this phase of the project, more testing is needed to find the best spacing between the prong-rings to achieve optimal efficiency.
· Improvements must also be made to the method used to attach the prong rings to the base roller wheel.
· Most importantly, our final main component that will be tested on this prototype is the collection basket and rake system. Multiple CAD models have already been made for it, so now it just needs to be fabricated and attached.
· Soon, we plan to order the parts to construct the frame and track system which will likely be implemented in prototype 2. 

[bookmark: _Toc146875046]Other Engineering Calculations
Prong-Ring Spacing Estimated Efficiency
[bookmark: _Int_JsWRvjsz]The collection wheel is constructed out of a series of flexible plastic prongs arranged into rings; the rings are then mounted in parallel onto the base wheel. As the wheel rotates over the ground, pinecones become lodged between the prongs, rotate up, and are then dislodged and directed into a collection basket. However, pinecones can vary greatly in size, making it difficult to capture every single pinecone on the ground. The goal of this analysis is to determine the optimal spacing between prong-rings for the highest percentage of pinecones collected, given our current prong design. This was achieved by setting boundary conditions within a limited scope simulation, establishing every possible force (within scope), defining the formula of each force, then combining all formulas into a unified equation.

Given,
[image: ] 
[image: ]Figure 18. Unified Equation for the Efficiency of a Given Prong-Ring Spacing

Since the current speed of the machine is unknown, example tangential accelerations of 5, 20, & 50 m/s^2 were used.

[image: ]Figure 19. Pickup Efficiency vs Spacing Graph

The graph shows that optimal efficiency is highly dependent on tangential acceleration. However, this limitation resulted in a crucial piece of information: High machine speeds will result in the force produced by the tangential acceleration being greater than the prong-pinecone frictional force (flinging the pinecones out of the wheel), effectively providing us with a speed limit.  
In terms of efficiency at a tangential acceleration of 5 m/s^2, the graph shows a mostly linear correlation with a minimum and maximum cutoff at ~36mm and ~77mm respectively. Practically, if the rings are spaced almost as wide as the maximum pinecone size, none will be captured. The 100% efficiency below ~36 mm is likely a result of the simplified assumptions used in my equation, but it can be surmised that the efficiency would dip after a peak around 36mm. 
These results show that a tighter prong-ring spacing of around 1.5 inches (38.1mm) should capture the vast majority of pinecones. Conveniently, this is very close to the value used in our first complete CAD model. The low efficiency observed in our first prototype was likely due to a lack of downward force from the wheel. In the future, my combined formula can be used to validate the design of prototypes prior to them actually being fabricated and tested.

Storage system
The storage system of the pinecone collector is responsible for receiving, holding, and supporting the pinecones gathered by the rotating collection mechanism. Because the storage basket directly interacts with the collected material, it must provide enough capacity for a meaningful collection run, maintain structural integrity under load, and avoid introducing excessive weight that could reduce the robot’s performance. The goal of this analysis is to evaluate the basket’s storage capacity, the stresses applied to the bottom plate under a full pinecone load, and the overall effect of the added mass on the robot’s mobility. These evaluations help determine whether the current basket design is feasible and safe for field use, and also establish guidelines for potential improvements in future iterations.
To perform this assessment, I used the storage basket dimensions from our CAD model and simplified its geometry to a rectangular container. The pinecones were modeled with average size and mass values taken from literature, along with a packing efficiency to reflect the irregular shape and void space between pinecones. For structural modeling, the TPU bottom plate was treated as a flat, simply supported plate loaded by a uniformly distributed weight. Because the basket is mounted near the front of the robot, I also evaluated how the added mass affects rolling resistance and overall system stability while driving. Together, these modeling decisions allow the different effects of the storage subsystem to be analyzed within a unified framework.
Given
Basket dimensions:
W=18 in,D=8 in,H=10 in
Pinecone geometric approximation (cylinder):

Packing efficiency:
η=0.60
Average pinecone mass:

TPU material properties (approximate):

Distributed load from pinecones:

Rolling resistance force:

Motor power requirement:

Stability consideration (CG shift):

Unified Analytical Model
The internal storage volume is computed as:
V=W×D×H
The usable storage volume considering pinecone packing is:
 
The estimated pinecone count is:

The total pinecone load applied to the bottom plate is:

Maximum bending stress for a uniformly loaded, simply supported plate is approximated using beam theory:

Rolling resistance before and after loading is evaluated by:

Power consumption during travel is:

These expressions allow storage capacity, structural performance, and mobility impacts to be analyzed together.
	Category
 
	Result
	Notes / Interpretation

	Basket Capacity
	Internal volume = 1440 in³
	Based on 18 in × 8 in × 10 in dimensions

	 
	Effective volume = 864 in³
	Using packing efficiency η = 0.60

	 
	Estimated pinecones = 25–30 pcs
	Based on cylinder approximation of pinecone volume

	Pinecone Load
	Average pinecone mass = 0.20 lb
	Within typical 0.15–0.25 lb range

	 
		


 
	Total load (full basket) ≈ 5.4 lb


	Used as distributed load in structural calculations

	Bottom Plate Stress
	Maximum bending stress ≈ 146 psi
	From simply supported beam model

	 
	TPU tensile strength = 4300–5800 psi
	Based on common TPU datasheets

	 
	Factor of Safety = 30–40
	Indicates very safe loading condition

	Rolling Resistance
	Empty robot = 0.40 lbf
	Robot weight = 20 lb

	 
	Full basket = 0.51 lbf
	Total weight = 25.4 lb

	 
	Increase = 25–30%
	Full load has noticeable but small effect

	Power Requirement
	Empty: 2.2–4.4 W
	Speed = 0.5–1.0 m/s

	 
	Full: 2.8–5.2 W
	Slight increase with pinecone load

	Overall Interpretation
	Basket is structurally safe; loading effects are minor; capacity is sufficient
	Supports the current design of the storage basket


The results of this analysis show that the storage basket can hold around 25 to 30 pinecones, which is enough for a typical collection run. Even after applying packing efficiency, the internal volume remains adequate for the expected workload of the machine.
The structural stress on the TPU bottom plate is very low compared to the material’s tensile strength. This means the basket is safe to use under full load, and the 3D-printed TPU design does not require additional reinforcement. The material choice and thickness both appear appropriate for this subsystem.
The added pinecone load slightly increases rolling resistance, but the overall force remains small. The motors should have no trouble handling this increase, and the robot’s power consumption only rises by a small amount. The shift in the center of gravity also causes a minor reduction in stability, but the effect is small and does not significantly impact normal operation.
Overall, the storage system performs well based on the calculations. It provides enough capacity, maintains structural safety, and does not negatively affect the robot’s mobility. These results support continuing with the current design while improving details like pinecone flow and print efficiency in future iterations.




[bookmark: _Toc146875047]Future Testing Potential
At the moment, we plan to utilize our functioning prototype 1 mainly to test the basket and rake system, as well as improvements to the collection wheel. Depending on how fast progress is made on the software system, it should also be possible to test the sensor suite and automatic navigation, but those likely won’t appear until our next iteration. Collection of wheel improvement evaluation will come in the form of harsher terrains, a larger variation of pinecone sizes, and more thorough testing of differences in collection efficiency. 
[bookmark: _Toc472068923][bookmark: _Toc484367005][bookmark: _Toc146875048]CONCLUSIONS
Our capstone project, sponsored by W. L. Gore & Associates, is to design, build, and test an autonomous or remotely controlled pine cone collector capable of traversing typical Flagstaff terrain while clearing a defined, continuous outdoor area. The machine must safely pick up Ponderosa pinecones without damaging surrounding property and must comply with relevant ANSI, OSHA, or similar safety standards. Critical requirements include demonstrating performance relative to human workers, providing sufficient pinecone storage capacity, maintaining an acceptable overall footprint, and integrating an effective collection method and drivetrain. In addition, the system must be able to return (home) reliably, support convenient human loading and unloading of pinecones, deliver adequate runtime, and be straightforward to maintain, all documented through a complete design report and technical data package within the allotted project budget.
Throughout this semester, our team made steady progress on the pine cone collector project. We completed the CAD drawings for the collection subsystem and built a basic physical prototype that focused only on the collection mechanism. Even though this prototype represents just one part of the entire system, it helped us start early testing and understand how the design behaves in real conditions. In our initial tests, the robot was able to move across typical Flagstaff terrain, but its movement was not always stable. This shows that the drivetrain and overall weight balance will need further adjustments in the next phase.
During testing, we also discovered several issues with the drum-style collection mechanism. The connection between the drum and the main robot body is not strong enough, and the drum sometimes detaches during collection trials. Another problem is that pinecones do not always drop smoothly into the storage area after being collected—some of them get stuck or fail to fall into the right place. These issues suggest that the mounting structure, alignment, and drum design will all need improvements.
Even with these challenges, we still made meaningful progress overall. While we only built the physical prototype for the collection subsystem, we also completed the CAD and SolidWorks models for the storage subsystem. These designs will guide the next round of prototyping once we finalize decisions about capacity and materials. By the end of the semester, we have a working early prototype, basic terrain mobility, and well-developed design models, which give us a solid starting point for the work we will continue next semester.
Our final proposed solution is a small tracked robot that collects pinecones using a rotating prong-style wheel. As the robot moves forward, the wheel lifts the pinecones and guides them into a storage hopper located at the back of the machine. We used 6063-T6 aluminum for the frame because it is lightweight, durable, and suitable for outdoor use. For mobility, the robot is powered by a 24V DC gear motor. This motor provides enough torque for basic off-road movement and helps the robot travel across the uneven terrain commonly found in Flagstaff. At this stage, the electrical system allows for remote-controlled operation. We also plan to explore semi-autonomous features in future phases of the project.
This solution meets the main goals of the project. The collection system can handle pinecones of different sizes. The storage system provides enough space for a practical amount of pinecones. The tracked drivetrain improves traction on soil, grass, gravel, and similar surfaces. The aluminum frame keeps the robot light enough for easy handling and maintenance. Each subsystem was compared during the design process with concept charts and engineering calculations, which helped our team select the most practical and reliable option for each part.
Based on the work we completed this semester, we believe that this design is realistic and achievable. Our early prototype and CAD models support the idea that this system can be developed into a fully functional pinecone collector. This design gives us a strong foundation to continue building and improving the robot next semester.
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