
i 
 

 

 

 

Mech 4250 Operational Readiness Review (ORR) 

NASA Robotic Mining Competition Design Team 

July 28
th

 2014 

 

 

 

 

 

 

 

 

 

Matthew Jones - Team Manager 

David Faucett, Cy Scott 

Stewart Boyd, Jay Jeter  

Will Flournoy, Bradley Kondrak  

 

Technical Advisor/Instructor: Dr. Beale 

Sponsors: Dr. Madsen, Dr. Beale, Dr. Roppel, Mr. Thompson and Dr. Williams 

 



ii 
 

Abstract 

The purpose of the NASA Robotic Mining project is to develop an autonomous Martian 

mining device which will be used in the 2015 NASA Robotic Mining competition. As the 2015 

competition rules have not been released, the 2014 rules will be used to determine functional 

requirements for the project. 
NASA has held the robotic mining competition for several years now. This year, the focus 

has been switched from a lunar mission to an asteroid or Martian mission. As very little is known 

about these surfaces, the surface is assumed to be similar to the moon. Thus, Black Point 1 (BP-

1), a crushed lava basalt, will be the soil used at the competition to simulate lunar regolith.  
Through the use of a systems engineering approach, the NASA robotic mining team has set 

out to develop a winning solution to solve the problem, exceed the sponsors’ expectations and 

showcase Auburn University’s Engineering College. Through the utilization of system 

engineering tools such as the Vee Chart, a Gantt Chart and the 11 System Engineering Functions; 

a methodical approach has been used to develop the design. 
A wheeled digging device with an auger dump was selected as the leading concept after 

watching film, conducting trade studies, and testing. This device utilizes scoops mounted on two 

of the robot’s four wheels. As these wheels turn, the scoops pick up BP-1. An inner wheel keeps 

the BP-1 from falling out until the scoops have reached the upper portion of the wheel. The BP-1 

then slides down a shoot into the storage bin. A horizontal auger in the bin sends the BP-1 

backward toward the dumping auger. The wheel digger/auger robotic mining system provides an 

optimal solution that can be easily controlled for autonomous operation. As well, this design has 

not been seen at the competition so it provides a good chance to win the ingenuity award. 
However, the main focus of this project is to win the on-site mining competition portion of 

the 2015 NASA Robotic Mining Competition. Upon researching the point breakdown, it became 

evident that the ability to autonomously control the robot is much more important than the dry 

weight of the robot or the amount the robot can dig. The current design is estimated to earn 1420 

points. In comparison, the 2013 winner had approximately 900 points. Information on the 2014 

competition has not yet been analyzed. 
The mechanical design on the robot was completed by late May 2014. This finalized 

mechanical design includes a Technical Data Package (TDP). Upon sponsor approval of the final 

mechanical design, fabrication began on the chassis, electrical, bin and auger subsystems. At 

current state, the chassis, bin and auger subsystems have been built according to the design. As 

well, a prototype electrical subsystem has been created to allow for testing. 

Integration and testing have been done to ensure proper alignment and to begin to determine 

system functionality. The prototype consists of those subsystems mentioned above as well as 

stand-in wheels for testing. A prototype auger was tested to determine the load on the battery and 

to check for any design flaws. After building the subsystems, each auger was individually tested 

to ensure proper alignment. The electrical box was tested separately as well. After positive 

results, the subsystems were integrated and motors were attached. System testing then followed. 
The Operational Readiness Report (ORR), testing results and other relevant information as 

specified in the Manager’s Project Contact of Deliverables (MPCOD) will be handed over to the 

2015 NASA Robotic Mining Competition team and/or the next design team once the prototype is 

validated and verified. The senior design team has begun to share ideas with the competition 

team in hopes to familiarize them with the design and get feedback. 
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1.0 Introduction 

The primary objective of this project is to determine a winning design for the NASA 2015 

Robotic Mining competition. This competition is comprised of student teams from across the 

world. During the competition, each team has two mining competition runs of ten minutes to 

collect as much regolith as desired. A minimum of 10 kg must be collected to gain any points for 

the run however. Above the 10 kg minimum, 3 points are awarded per additional kg of BP-1. 

Likewise, 8 points are subtracted for each kg of dry robot mass with a maximum mass 

requirement of 80 kg. The total points for each one are averaged to give the final on-site mining 

competition score. Full autonomy during the runs is critical in that a majority of the points in the 

on-site mining competition are available here. A more detailed explanation of these requirements 

and point scoring opportunities is described in the requirements section below. 

A systems engineering approach was used to systematically develop a design which, given 

customer approval, will be prototyped and tested. After determining the mission objective and 

reviewing the rules of the 2014 NASA Robotic Mining Competition, trade studies were done to 

develop concepts and see which of these concepts had worked in previous competitions. Teams 

like the University of North Dakota, Alabama, Iowa State, NYU-Poly and many other designs 

were compared with each other and the previous Auburn robot. Iowa State was studied carefully 

as they have been the competition winners the in 2012 and 2013 seasons. They were the only 

team to attempt an autonomous run in 2013 (though unsuccessful). 

Due to the limited timeframe of this project, manufacturability was a significant concern to 

the design process. Thus, a modular design was chosen so that a change can be made in one 

subsystem without forcing a complete redesign of the system. As this project has a very 

expeditious timeline, a systems engineering approach was vital in that it provided a regimented 

approach to solve the problem. The 11 System Engineering Functions (as seen in Figure 1) were 

used to create the design, budget resources and provide ways to prove its functionality.  

 

 

Figure 1: System Engineering Functions 

Once a concept was developed, further research, MATLAB simulations and preliminary 

testing were used to further refine the design. Currently, the design utilizes 2 digging wheels 

with scoops to pick up the BP-1. This BP-1 then is sent down a shoot into a bin. The bin uses a 
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horizontal auger to redistribute BP-1 in the bin towards an angled auger which in turn is used to 

dump into the final collection bin. This design will be discussed extensively in the following 

report. 

At the CDR, Dr. Beale suggested a change from 1.5 inch OD 6061 aluminum tube for the 

frame to square tubing. Upon quick calculation, it was determined that 0.75 inch 1018 steel 

square tubing was sufficient for the design and allowed for much simpler manufacturing. 

Likewise, carbon fiber was chosen to replace the vertical auger tube which was once going to be 

heavy PVC. This change helped to reduce weight as well as tied the auger tube into the bin much 

more efficiently. 

After the redesign, work began on the chassis, bin and a prototype auger which was used for 

testing. When it was determined that the complete design could not be manufactured by the end 

of the semester, adjustability became a main concern. Motor mounts were slotted to allow for 

potential changes in sprockets. As well, the axles were standardized to allow for 

interchangeability. Once the prototype was completed, testing, validation and verification 

occurred. 

 

2.0 Mission Objective 

 

The objective of this project is to create the mechanical portion of an autonomous system 

weighing less than 80 kg capable of surviving/navigating terrain representative of the Martian 

surface in order to retrieve and deposit Regolith. This system should be able to collect and 

deposit a minimum of 10 kg of Regolith in 10 minutes. At the end of the summer, a non-

autonomous version was operational and tested. This prototype will be handed off to the next 

group to be modified as needed to meet the 2015 NASA Robotic Mining Competition rules and 

participate in the 2015 competition. A full list of objectives is defined in the MPCOD in 

Appendix A. 

 

 

3.0 Environment 

 

The NASA Robotics Competition has been designed to simulate a Martian or asteroid 

surface. As the actual completion will be held on earth, certain aspects of the design will vary 

from an actual Martian device.  One such example is that the estimated gravity of Mars is 3/8 

that of the earth. Equipment for the competition does not have to be rated for Martian 

atmospheric conditions. However, physical processes should be capable of being used in space.  

Since the competition will be at the Kennedy Space Center, the components must be capable of 

storage and operation in an average of 90 degrees Fahrenheit and high levels of humidity. 

As not much information is known about the actual Martian soil, the soil has been assumed 

to be similar to lunar regolith. The soil in the competition will be Black Point 1 (BP-1) which is a 

noncommercially available crushed lava basalt. The BP-1 is an abrasive powder-like soil that is 
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very similar to the regolith on the Earth’s moon.  The BP-1 also has some magnetic 

characteristics.  

The actual competition will be inside an enclosed room with two pits side by side as shown 

in Figure 2. Throughout the competition, dust should be expected from either robot and must be 

taken into account. 

The BP1 in the competition will have a density of approximately           for the top 2 cm 

and between          to           below (Appendix B). The mining area will be 3.78 m 

(width) x 2.94 m (length) x 0.5 m (depth).  The coefficient of friction is not well known.  

 

 

Figure 2: Competition Pit Dimensions 

 

4.0 Requirements 

The proposed system must adhere to the rules as specified in “NASA’s Fifth Annual Robotic 

Mining Competition Rules and Rubrics 2014” as specified in Appendix B. This system must 

originally fit in a volume of 1.5 m (length) x 0.75 m (width) x 0.75 m (height). After the start of 

the competition, the height can be extended up to 1.5 m. The system must be able to deposit the 

regolith into the top of the collection system 0.5 m above the regolith’s surface. The robot must 

have a dry mass of 80 kg or less. 
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The robot will be randomly orientated in the start zone shown in Figure 1 before each run of 

the competition. Then, the robot must traverse the obstacle area which will include three 

obstacles up to 30 cm in diameter and 10 kg in mass. As well, this area will have two craters up 

to 30 cm in depth and diameter. The robot must not “excavate” BP-1 until crossing the line into 

the mining area. Per the definition section of the competition rules (Appendix B), the excavated 

mass is defined as: 

Excavated mass – Mass of the excavated BP-1 deposited to the Collector bin by the 

team’s mining robot during each competition attempt, measured in kilograms (kg) with 

official result recorded to the nearest one tenth of a kilogram (0.1 kg).  

After a thorough correspondence with the 2014 NASA Robotic Mining Coordinator, a 

further clarification to the rule was made to determine the interpretation of the word “excavate”. 

This correspondence can be seen in its entirety in Appendix C.  The robotic device must mine a 

minimum of 10 kg in the 10 minute competition run to qualify. Teams will have two 10 minute 

runs in the competition. The average of the two runs will be the final score for the on-site mining 

portion of the competition. During each of the competition runs, the robot must be controlled 

remotely and/or be autonomous in function. The robot must also be capable of wired control for 

practice runs.  

The design of the robot must be formulated in such a way to win the 2015 NASA Robotics 

Competition. As the 2014 rules indicate, the point breakdown for the on-site mining award has 

been documented in Table 1. 

 

Table 1: Onsite Mining Competition Points 

Element Points 

Pass Safety and Comm. Check 1000 

BP-1 Excavated over 10kg +3 per kg 

Robot Weight -8 per kg 

Dust Tolerant Design 0-30 (Judge’s discretion) 

Dust Free Operation 0-70 (Judge’s discretion) 

Autonomous Operation 0, 50, 150, 250 or 500 

Average Bandwidth  -1 per 50 kb/sec 

Energy Consumption Reported 0 or 20 

 

Autonomy has been divided up into sections based on the level of functions performed 

autonomously. Fifty points will be given for crossing the obstacle field. One hundred and fifty 

will be given for crossing and digging. Two hundred fifty will be rewarded for one full run 

including deposit. Five hundred will be rewarded for a full ten minute autonomous run. 

As can be seen in Appendix B, the Joe Kosmo Award for Excellence (grand prize) is made 

up of several other categories including a presentation, systems engineering paper, team spirit 

and community involvement. As the current design team will not be attending the 2015 

competition, the focus of this project will be on the on-site mining portion of the competition. 
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5.0 Architectural Design 

After the competition rules were thoroughly examined, conceptual design began. The first 

steps were to performing trade studies on the previous competitions and comparing the leading 

competitors’ designs with the current Auburn robot. 

 

5.1 Trade Studies 

Trade studies were completed by first watching several hours of YouTube videos of previous 

competitions. In the 2012 and 2013 competitions, Iowa State University won the on-sight mining 

award. The 2013 Iowa State University robot can be seen in Figure 3. 

 

 

Figure 3: Iowa State University 2013 Robot 

 

 

Upon the close examination of the Iowa State design, it was noticed that the tracks appeared 

to slow the robot down. Likewise, the fact that the collecting bin had to be raised to dump out the 

BP-1 caused a change in the center of gravity and made it prone to flip. The 2013 team attempted 

an autonomous run but was unable to complete it. 

From examination of other teams, it became apparent that wide wheels helped the robot stay 

above the surface and thus improved mobility. NYU-Poly’s 2012 robot was also analyzed due to 

its unusual front wheel and digging scoop designs. These front wheels used scoops to provide 

traction for the robot. The digging mechanism was a revolving drum with scoops that collected 

regolith. 
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Figure 4: NYU-Poly 2012 Robot 

Teams with revolving mining systems such as the conveyor seen in Figure 3 or the drum as 

seen on Figure 4 had better digging rates than traditional scoop designs. The drum designs 

however took a long time to dump. 

The current Auburn robot as seen in Figure 5 was also examined. The Auburn robot has a 

single bucket and narrow wheels. Thus, after watching several hours of competition video, this 

design was quickly determined to not be an optimal solution. 

 

 

Figure 5: Current Auburn Robot 

It was noticed that in general, teams that incorporated moving bins tended to lose stability. 

On the other hand, teams that incorporated a conveyor or auger system had slower dumps but 

were able to maximize stability. As the competition runs are averaged together, a robot prone to 

flipping is highly undesirable. Upon examination, one of the teams that used an auger was the 

University of North Dakota. Thus, the UND auger (Figure 6) was examined. 



7 
 

 

Figure 6: UND 2010 Auger 

 

 

5.2 Decomposition 

After a general trade study over old designs was completed, a functional decomposition was 

performed to look at each individual function and determine what factors would have a major 

impact on each function.  

Carry Dirt 

Cannot tip 

Support dirt weight 

No spillage/low dust generation 

Dig Dirt 

Target time for digging 

Repeatability 

Low dust generation 

Placing dirt in carrying receptacle 

Mobility 

Motion in cardinal direction (forward/reverse, left right) 

Obstacle avoidance/survivability 

Carry dirt load 

Low dust generation 

Dump dirt 

Hit target receptacle 

Low dust 

Structural Support 

Hold everything together 

House “fragile” components 

Prevent dust penetration 

Lightweight 

Robust 
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The design was then divided up into multiple subsystems including digging, drivetrain/steering, 

storage/dumping, electrical and communication systems. For the digging system, the following 

mechanisms were considered: 

 

• Scoop 

• Backhoe 

• Clamping jaw 

• Conveyer driven scoops 

• 180 degree scraping 

• Vacuum 

• Drum scoop 

• Bucket wheel excavator 

• Bottom mount scoop 

• Electromagnetic 

• Auger. 

•  

For the drivetrain/steering system, the following mechanisms were considered: 

 

• Tracks 

• 4 legs 

• 4 wheels/4 motors 

• 6 wheels 

• 3 wheels 

• 4 wheels/2 motors 

• Multi-leg (centipede). 

•  

For the Storage/Dumping systems, the following mechanisms were considered: 

 

• Auger(s) 

• Dump truck bucket 

• Conveyor belt 

• Shovel/mechanical push 

• Drum scoop. 

•  

5.3 Concept Generation 

 

With the domain knowledge gained from the trade studies, evaluation on the practicality of 

designs and the estimated weight to digging capacity of designs; a few main concepts were 

developed. The first was a conveyor digger/dumping system as seen in Figure 7. Concept 1 was 

attractive because it utilized an on-off control system and could be run very quickly to dig and 

dump. However, this concept has a lot of moving parts and the dual conveyors add weight. This 

design (or portions of it) have been used by many past competition teams.  
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Figure 7: Concept 1 Dual Conveyor 

Another concept was a bucket wheel connected to a conveyor with a dumping bucket as 

shown in Figure 8. Concept 2 used two strong scoop mechanisms that dumped onto lightweight 

conveyor in between to which transports the regolith to the bin. This design allowed for different 

motor sizes on the scoop wheels and conveyor which allowed for lower weight and faster 

digging. The dump bucket would be quick but transferred the center of gravity making the 

system less stable. Another issue was the complexity of the scoop and conveyor system. 

 

 
Figure 8: Concept 2 Bucket Scoop Conveyor Dump 

A final concept was a digging device employing scoops on the wheel (Figure 9).  Once the 

scoops dug up the dirt, the dirt would be channeled down a shoot into a bin and then an auger 

would deposit into the competition bin. This design cut down on possibility of the digging 

system not working. As two of the wheels would dig, if one were to jam the system could still 

work. A complication of this design was the fact that the device cannot excavate before reaching 

the mining area. A method to close off the shoot to the collection bin must be used to adhere to 

the rules. Likewise, the wheels would need to be strengthened adding some weight. 
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Figure 9: Concept 3 Wheel Digger to Auger 

Given the digging ability, originality and robustness of the design; Concept 3 was chosen for 

further development. Several technical issues arose and thus were tested with prototypes. 

Concepts 1 and 2 were retained for a final leading concept determination after the preliminary 

testing on Concept 3 was finished.  

 

5.4 Testing/Prototypes 

In order to determine a leading concept, multiple tests were run. One test was conducted to 

determine what minimum angle was required for regolith to slide down an inclined plane. A 

prototype wheel/scoop assembly was created and tested as a proof of concept. This prototype 

also helped to optimize scoop geometry and power requirements. A third test was used to 

evaluate the effectiveness of an auger as a means of moving sand. 

 

5.4.1 Slip Test 

The Concept 3 utilized angled shoots to transport the BP-1 that was being collected from the 

wheels to the carrying bin. For this system to work properly the shoots needed to be at a large 

enough angle such that the BP-1 would side down. To determine this minimum angle, a slip test 

was done using sand as a BP-1 alternative. Damp and dry samples of sand were tested but it was 

determined that the difference was fairly negligible. In the dynamic tests, the wet samples tended 

to fall at very low angles so these results were thrown out. The density of both the damp and dry 

sands were both very near to 1400 kg/m
3
. As the compacted BP-1 specification was close to this 

value, sand provided a reasonable approximation for this test. These samples of sand were tested 

on various plate materials under consideration for the shoots.  
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There were two main types of test carried out for every material. A static test where a volume 

of sand that was representative of the amount of BP-1 that one scoop should be able to gather 

was first placed in a linear fashion across the plate (much as the scoop would dump it) and then 

the material was slowly raised until almost all of the sand pile slid down. The second test was 

dynamic, where the material was held at some initial angle then a volume of sand was dropped 

down from a height representative of where the scoops would be dropping from, onto the 

material. The initial angle was adjusted until all the sand that was dropped would freely slide 

down the material. Figure 10 is representative of the two tests that were carried out. Results from 

the test are listed in Table 2. 

 

Figure 10: Slip Test 

 

As can be seen in Table 2, the results from the slip angle tests showed that a minimum shoot 

angle of     to ensure that the BP-1 would flow freely. Smooth carbon fiber offers the best slip 

results. Thus, carbon fiber due to its light weight was chosen to be ideal. 

Table 2: Slip Test Results 

Test Type  Material 

  Carbon Fiber  

(Smooth) 

Carbon Fiber  

(Rough) 

Plastic Steel Aluminum 

Static slip 

Angle 

(deg) 

Damp 30 35 30 25 30 

Dry 25-30 35 30 25 30 

Dynamic Slip 

Angle 

(deg) 

Dry 20 30 25 25 25 
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5.4.2 Wheel Prototype and Scoop Test for the Digging Wheel 

To determine the optimal scoop design and required torque to turn the digging wheels, a 

wheel prototype was built and set up to enable measurements of the torque required to turn the 

wheel when it was digging to be taken. The test was set up as seen in Figure 11. This 

configuration allowed us to place an analog torque wrench on the outer wheel axle and measure 

the torque as the wheel turned. 

 

 

Figure 11: Wheel Torque Test 

 

Tests were carried out using the prototype to simulate the wheel digging in order to evaluate 

how well the scoops were gathering sand. The tests helped determine the optimal entry angle and 

the height of the scoop above the wheel. For testing, weight was added to the wheel to simulate 

the weight of the robot that would be acting on it. From the CAD model, it was determined that 

the complete robot would weigh roughly 100 lbf, so it was estimated that each axle would see 25 

lbf acting on it. This was accomplished by placing weight on the pivoting axle. Figure 12 shows 

the scoop design that was tested as well as the parameters that were varied.  
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Figure 12: Scoop Design Testing 

 

From the results it was determined that the height above the wheel played the biggest role in 

increasing the required torque to turn the wheel, and the entry angle played the dominating role  

in determining how much of the scoop was filled with sand. Table 3 summarizes the scoop 

designs that were tested and there results.  

Table 3: Scoop Design Tests and Results 

Scoop 

Design 

number 

Height 

above the 

wheel [in] 

Scoop entry 

angle [deg] 

Weight added 

to wheel [lbs] 

Amount of 

Sand Collected 

[% of scoop 

filled] 

Torque 

required to 

turn wheel [ft-

lbf] 

1 2 0 25 Didn’t Dig 4-5 

2 2 10 25 60 12-14 

3 1.25 0 10 Didn’t Dig 3-5 

4 1.25 30 10 100 5-7 

4 1.25 30 25 100 5-7 

4 1.25 30 50 100 5-7 

 

After testing several configurations of height above the wheel and entry angles for the scoop, 

an entry angle of     and height above the wheel of 1 ¼ in. was found to be the optimal 

configuration for gathering dirt without requiring a ridiculous amount of torque to turn the 

wheel. The torque required to turn the scoop design that was chosen was measured to be 5-7 ft-

lbf. This torque was used to size the electric drive motors for the digging wheels. 

 

 

5.4.3 Auger Concept Validation 

From the trade study, information found on UND’s 2010 auger based system proved it was 

possible to move an extensive amount of sand using an auger.  A helicoid was tested to further 
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prove the validity of the concept. The helicoid was tested using wet sand to determine the 

general effectiveness of an auger at transporting particulate. The helicoid was a 2.5” outer 

diameter, 1.5” inner diameter, standard pitch (outer diameter = thread pitch) center-less auger 

with a helical angle of 22°. A 2 HP motor was used to turn the shaft at 348 RPM with 30 ft-lbs of 

torque provided to the screw. Since the goal of the tests was to determine the effectiveness of an 

auger at moving particulate, this helicoid was tested while oriented horizontally, as can be seen 

in Figure 13.  

 

Figure 13: Auger Test Setup 

Like in many of the other tests, wet sand was chosen as it has a similar density to packed BP-

1 and its tendency to clump makes it a worst case scenario. It is important to note that the auger 

used in the test was not optimized for what is going to be used on the robot as it had a hollow 

core. This hollow core allowed particulate to fall out of the threads and not move as quickly 

down the length of the auger. Figure 14 shows this happening during testing. Testing revealed 

that the particular auger that was tested was able to move 7.9 kg of sand in 52 seconds.  From the 

trade study and testing, it was concluded that the auger design could accomplish the task of 

moving the regolith in an accurate and timely manner. 

 

 

Figure 14: Sand Falling Out of Auger Threads During Testing 
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5.5 Leading Concept 

Using the decision matrix seen below Table 4, the wheeled digging device was chosen as the 

leading concept. This device will have the ability to be easily controlled autonomously as every 

system can be controlled with a simple on/off controller. 

 

Table 4: Decision Matrix 

 

 

As well, the wheel based digging design has not yet been seen in the NASA competition so it 

will help to win the ingenuity award. This design was proven to be feasible through the testing 

and prototypes built as can be seen in Section 7.  

A 3D model of the design has been made using SolidWorks; a Computer Aided Design 

(CAD) software. The design has been split into separate design groups for further definition of 

the wheel/digging device, the storage/dumping device and the electrical/motor components. The 

sensor and communications subsystems are in the process of being designed to such a point that 

a non-autonomous prototype can be tested by the end of the summer.  

 

6.0 Post Concept Review Simulation/Calculations 

After the concepts review, further development of the wheel based digging/auger dump setup 

was done to find an optimum design. Once clarification on the excavation rule (Appendix C) was 

received from NASA, design continued as such. 

 

6.1 Virtual Test Run 

After the concepts review, a virtual test run was developed to determine the capabilities of 

the robot. Through watching of past competition runs and determining the maximum speed 

Weight (- high) Digging Capacity Manuverability Ease of Use Manufactorability Dust Generation Originality Total

Concept 1: Dual Conveyor - + 0 + 0 + - 1

Concept 2: Bucket Scoop Conveyor - 0 0 0 0 + 0 0

Concept 3: Wheel Digger to Auger 0 0 + + - 0 + 2

Exsisting Design: Front End Digger + - - - + + - -1

Rank Points

- -1

0 0

+ 1
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allowed by the wheel motors, it was decided that the top speed for the robot should be set at 1 

mph.  The simulated run can be seen in Figure 15. 

The following input parameters: 

• 10 sec orient (0)  
• 1 mph start(1) 

(0.447 meters/sec) 

0.25 mph (2)  
• 0.25 mph (3) 
• 0.1875 mph (4) 
• 0.75 mph (5) 
• 15 sec align (6.1) 
• Dump (6.2) 
• Scoop Efficiency 0.5 

• BP-1 density 750 kg/    

 

Led to the determination of the following: 

• Volume of BP-1 Collected = 0.037    

• Mass of BP-1 Collected = 27.57 kg 

• Mass of BP-1 per scoop = 0.478 kg 

• Dig Time = 1.441 min 

• Travel time = 1.570 min 

• Max allowable dump time = 6.99 min 

Seeing that the maximum allowable dump time was 7 minutes, it was determined that an 

analysis of the auger would be beneficial. Ideally, the goal was to find out if the dumping could 

be done in two minutes to provide time for another run.  

The other main outcome from this simulated run was the realization that the design’s limiting 

factor was the bin size. Relying solely on the stationary bin with 30 degree angle, the bin 

developed in the conceptual stage was slightly more than half the size of what was expected to 

be gathered. The full MATLAB code for the test run can be seen in Appendix D. 

 

6.2 Auger Simulation 

After the virtual test run data was compiled, an auger simulation was set up to determine the 

torque and RPM requirements needed to dump the amount of regolith in the bin in 2 minutes. 

Using auger volume and the number of turns in the auger, the amount of turns of the screw 

conveyor necessary to withdraw all of the regolith from the bin and into the collector bucket was 

determined. Since the sprocket ratio was known from the old robot’s hardware, a calculation was 

done to find the rpm required to dump in 2 minutes. To find motor torque required, the potential 

energy stored in the total mass of regolith gave an energy number with a unit of Joules. The rate 

at which the energy is transmitted through the motor determines the power requirement of the 

motor. In order to find torque from that, the standard equation relating power, torque, and rpm 

was used. All equations used can be found in Appendix E. Friction observed by the motor was 

not included in the auger simulation. To compensate, a factor of safety was added to the motor 

torque and rpm to ensure it can overcome any friction restraints. The determined value of the 

Figure 15: Virtual Competition Run 
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rpm needed to completely empty the bin in 2 minutes was 80 rpm, and the torque necessary was 

low. 

 

6.3 Horizontal Auger Simulation 

 

Once it was determined that the dumping auger could deposit over the amount of the full bin 

in less than two minutes at a reasonable RPM and torque, the notion was brought up to flatten 

out the sloped sides of the bin in order to increase volume. However, if the slopes were to be 

removed, some sort of conveyor system would be needed to transport regolith from the back of 

the bin to the front. Therefore, it was decided to put a horizontal auger inside the bin to move the 

collected BP-1 to the dumping auger. This concept would allow for a much larger bin. A 

calculation (very similar to the other auger calculation) was done to determine the feasibility as 

well. A complete listing of the code used can be seen in Appendix F. 

 

7.0 Subsystem Design 

 

Further subsystem design was enabled with the post-Concepts Review simulation and 

calculations. Corporation 12’s design structure was maintained from the Concepts Review stage 

and the newly added members from Corporation 4 were divided into the wheel/digging, 

storage/dumping and electrical/motor subsystems. David Faucett continued to be lead on the 

wheel/digging and chassis subsystems. Stewart Boyd continued to be lead of the 

storage/dumping subsystem. Will Flournoy was appointed to be the lead electrical/motor 

designer. 

 

 

7.1 Wheels/Digging 

 

To reduce weight, mechanical complexity and driving components; a decision was made to 

combine the digging and propulsion systems. This dual system allows the regolith to be 

gathered by the wheels while also allowing the robot to move. This was accomplished by 

having scoops attached to the exterior of the wheels. As the wheels rotate, regolith will be 

picked up, carried to the top of the wheel and then deposited into a chute that leads to the 

carrying bin. The complete wheel concept is shown in Figure 16 and an exploded view with the 

main components labeled is shown in Figure 17.  
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Figure 16: Wheel Concept 

 

 

Figure 17: Exploded Wheel View 

 

A chute was placed at the top of the wheel with a solenoid induced plate that can pivot 

between two positions to control whether or not the regolith is harvested. When the door is in 

the closed position, the BP-1 that is gathered by the wheels and deposited into the chute is 

routed into the lower portion of the chute that leads back to ground. The lower portion’s 
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purpose is to contain the BP-1 as it is routed back to ground to minimize dust generation. The 

solenoid controls whether the regolith is being deposited into the bin or back to the 

environment. This is shown in Figure 18.  

 

Figure 18: Shoot Concept 

The wheel is driven by a single electric motor mounted to the inside of the wheel’s fixed 

frame and attached to the drive axle through a chain and sprocket. The complete inner wheel 

hub assembly is shown with labeled components in Figure 19. 

 

 

Figure 19: Motor Mount Concept 

 

To keep the chain and sprockets from being contaminated with regolith, a guard was 

designed to enclose the chain and sprocket system. This has been shown in Figure 19. 
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Jamming concerns became an issue with the way the scoops slid on the guide as the BP-1 

was carried to the top of the wheel. In order to minimize the amount of BP-1 that was lost 

during this process a rubber guard was implemented on the underside of the scoop. This 

would also allow excess BP-1 or rocks that were gathered from the scoop a way to squeeze 

under the scoop and fall back to the ground without causing the wheel to jam. This is shown 

in Figure 20. 

 

Figure 20: Scoop Design 

 

The primary function of the rear wheels is to aid in the propulsion of the robot.  As 

shown in Figure 21, the center of the driving wheels consists of a lightweight hub, while the 

outer tread provides the robot with additional traction. 
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Figure 21: Exploded Driving Wheel View 

 

7.2 Storage/Dumping 

Previous designs from the trade study and data collected from the tests were taken into 

account when designing the storage and dumping system. Many teams that employed a dump 

truck approach to store and dump the regolith had problems with tipping over either while 

transporting the regolith or attempting to dump it into the target bin. The dump truck approach 

also led to teams, despite managing to successfully raise the bin, missing the target bin either 

partially or completely.  Furthermore, it was decided that the number of individual moving parts 

required to operate the dumping mechanism needed to be kept at a minimum. Therefore, the 

design with a stationary storage bin utilizing an auger conveyor system was selected as shown in 

Figure 22. The stationary bin ensures that the center of gravity of the robotic miner remains 

relatively unchanged during mining, traveling, and dumping operations. The auger conveyor 

system minimizes the risk of missing the target bin as well as cuts down on the number of 

moving parts needed to operate the robotic miner. 
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Figure 22: Storage/Dumping Assembly 

 

The bin features a horizontal auger system in order to move all the regolith from the back 

portions of the bin to the front with relative ease. The estimated volume of the bin is 33,400 

cubic centimeters, with a connection on one side to the diagonal auger. The horizontal auger has 

a 5 5/8” outer diameter and is 20 inches in length. It is attached to the bin with brackets and 

fasteners. A plastic top is attached to the top of the bin in order to prevent dust creation, with 

openings where the regolith will fall into the bin without creating dust.  

 

Figure 23: Auger Conveyor Subsystem 
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The auger conveyor subsystem will consist of a large screw encased in a tube that will be 

slightly larger than the thread diameter of the screw. Regolith will be lifted towards the target bin 

as it fills the intake and the auger is turned. As can be seen from Figure 23, the screw will be 

supported by two hangers and bearings at the ends of the auger. These bearings are protected 

from dust. A gear will be mounted to the center axle of the auger just past the final hanger and 

bearing. This gear will in turn be driven by an electric motor mounted on the outside of the tube. 

The auger has a diameter of 4” and is held at an angle of approximately 35 degrees, which gives 

it an efficiency of 65%. Auger systems that match the dimensions for both augers can be bought 

from Lindell Plastics as shown in the Bill of Materials.  

 

7.3 Motor 

The selection of motors for the NASA mining robot is broken down into two subsystems: the 

drive subsystem and the auger subsystem.  The drive system will be discussed first.  A calculated 

torque of roughly 7 ft-lbs was determined from the wheel prototype test to be the minimum 

amount of torque required for each drive motor.  The IG52-04 24VDC 010 RPM Gear Motor 

was selected to be used as the motor for all four wheels (Appendix G).  This motor is a brushed 

permanent magnet DC motor with variable speeds and reversibility.  The motors have a mass of 

1.80 kg each.  These motors come with micro-gearing with a ratio of 1:43 and will be further 

geared using sprockets.  The digging wheels will have a sprocket reduction ratio of 1:5 and the 

rear wheels will have a sprocket reduction ratio of 1:2.5.  Using a torque and speed calculator 

that was offered by the motor manufacturer, the max speed was determined to be 1.17 mph and 

the total driveshaft torque was calculated to be 11.93 ft-lb.  This calculated total output torque 

offers a factor of safety of 1.7.  To further ensure the motors are sized correctly, the motors from 

the existing robot which offer lower outputs than the new motors will be implemented and tested 

first before ordering the new motors.  Regarding the auger subsystem, the IG52-04 24VDC 285 

RPM Gear Motor was selected for both the angled and horizontal auger as well (Appendix G). 

This motor is a brushed permanent magnet DC motor with variable speeds and reversibility.  The 

motors have a mass of 1.80 kg each.  The motors are manufactured with micro-gearing with a 

ratio of 1:12.  The motors will have a sprocket reduction ratio of 1:5.  The sprocket reduction 

ratio can be easily changed if the output requirements change.  From the virtual run analysis, a 

required torque of roughly 0.20 ft-lb and 80 RPM was determined to be the minimum 

requirements for the vertical auger motors.   
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7.4 Power Consumption 

The power consumption was broken into two different systems. First is the mechanical system 

which consists of the drive motors and the auger motors, and the second is the electrical system.  

The power consumed was found by: 

               ( )   ( )   ( ) 

For the mechanical system the current for each motor was found to be linearly increasing with 

increasing torque, as seen on the graph in Appendixes F, G.  Therefore the current for the motors 

was estimated to be: 

           ( ) 

            ( ) 

These values were determined from the estimated consistent torque the motors are going to see.  

Since all the motors are 24 V motors then the power consumed by the mechanical system was 

found to be: 

                          ( )   ( )      ( ) 

                       ( )       ( )     ( ) 

Therefore: 

                           ( ) 

The power consumed for the electrical system was negligible compared to the motors. 

 

7.5 Power Supply 

Two 25.6 V LiFePO4 batteries were selected (Appendix H). These batteries were chosen 

because of their light weight and large amount of power. If the motors are all running in parallel 

then the estimated current being pulled from the battery is about 25 A. The battery can sustain 

this supply for about 24 minutes (Appendix H). Since the current was estimated on a desired 

consistent torque seen by the motors, if one motor increases torque, then the current will also 

increase. Due to this two batteries running in parallel was found to be better because it provides a 

factor of safety of two for the mechanical system.  

A separate 12V battery will be used for the electrical system but due to not knowing all the 

electrical components that will be used in the final design, a specific battery has not been 

selected yet. The full design with integrated electronics can be seen in Figure 24. 
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Figure 24: Full System with Electrical Components 

 

 

7.6  Electrical/Controls 

The team’s goal for the end of the summer semester was to control the mining robot 

prototype with a remote control. Controlling the robot with a remote control entailed the use of a 

microcontroller, the appropriate DC motor drivers, a computer to compile code on, and a means 

of communicating the remote control commands to the microcontroller. It is assumed that all of 

the choices made in these areas may, and probably will, change as the incoming 

electrical/computer team works to incorporate autonomous operation. 

 In that regard, the intention of operating the robot completely autonomously will ultimately 

decide which microcontrollers and computer are used to interface with the robot’s sensors. 

Sensors for the robot’s autonomy have yet to be specified due to needed input from the 

electrical/computer group. Currently, the team has considered the use of lidar and radar for the 

robot’s mapping and localization tasks. Per the 2014 NASA Robotics Mining Competition rules 

(Appendix B), a navigation aid system, not exceeding 9 kg in mass and self-powered, can be 

attached to the collection bin for navigating the rover. The following, rule 15 from the “On-Site 

Mining Category Rules,” is provided below: 

Electrical 

Trays/Batteries 



26 
 

“15) The Collector Bin top edge will be placed so that it is adjacent to the side walls of the 

Caterpillar Mining Arena without a gap and the height will be approximately 0.5 meter 

from the top of the BP-1 surface directly below it. The Collector bin top opening will be 

1.65 meters long and .48 meters wide. See Diagrams 1 –3. A target(s) or beacon(s) may 

be attached to the Collector Bin for navigation purposes only. This navigational aid 

system must be attached during the setup time and removed afterwards during the 

removal time period. If attached to the Collector Bin, it must not exceed the width of the 

Collector Bin and it must not weigh over 9 kg. The mass of the navigational aid system is 

included in the maximum mining robot mass limit of 80.0 kg and must be self-powered. 

The target/beacon may send a signal or light beam but lasers are not allowed for safety 

reasons except for Visible Class I or II lasers or low power lasers and laser based 

detection systems. Supporting documentation from the laser instrumentation vendor must 

be given to the inspection judge for “eye-safe” lasers. The Judges will inspect and verify 

that all laser devices are a class I or II product and they have not been modified (optics 

or power). Any objects placed on the Collector Bin cannot be more than 0.75 m above the 

BP-1 surface, and cannot be permanently attached or cause alterations (i.e. no drilling, 

nails, etc.).” 

Considering these parameters, a primary microcontroller and some supporting motor drivers 

were selected to control the currently specified motors.  

When considering a microcontroller, it is mandatory to first analyze the motors and actuators 

that need to be controlled. Currently, only the DC motors for the two augers and four wheels 

have been selected. Initially, it was believed that the rover’s 6 separate DC motors would require 

at least 6 pulse-width modulation pins on the microcontroller to control them bi-directionally. 

However, research conducted by Cy Scott proved that a serial communication line would be 

easier to implement with the adopted motor drivers that will be powering the motors. The 

microcontroller should also provide enough inputs to accommodate the encoders on the motors, 

as well as the aforementioned sensors. Considering these parameters, the Arduino Mega 2560 

rev3 microcontroller board was chosen. The Arduino platform of microcontrollers has intensive 

documentation online, and are by far the most widely used and supported microcontrollers on the 

market. And with the vast amount of Arduino code libraries available online, the selection of an 

Arduino microcontroller allowed the team to get started faster and more efficiently. Arduino 

boards also have a wide variety of compatible shields (hardware interfaces) already available for 

purchase. 

The Arduino Mega 2560 rev3 is a new model of microcontroller from Arduino which offers 

the same amount of I/O pins as the old Mega, which was used on the previous NASA Robotics 

rover, yet couples this functionality with a 32-bit ARM core microcontroller. The Mega is based 

on the ATmega 2560 CPU, which makes this microcontroller powerful enough to implement 

memory intensive tasks with the motors. One important note: the Mega operates on 5V, unlike 

some Arduino models which operate on 3.3V. The board itself is presented below in Figure 25. 
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Figure 25: Arduino Mega 2560 Microcontroller 

The following specs are provided from Arduino: 

Microcontroller ATmega2560 

Operating Voltage 5V 

Input Voltage (recommended) 7-12V 

Input Voltage (limits) 6-20V 

Digital I/O Pins 
54 (of which 14 provide PWM 

output) 

Analog Input Pins 16 

DC Current per I/O Pin 40 mA 

DC Current for 3.3V Pin 50 mA 

Flash Memory 
256 KB of which 8 KB used by 

bootloader 

SRAM 8 KB 

EEPROM 4 KB 

Clock Speed 16 MHz 

 

 

Motor drivers are an integral piece to powering and controlling the motors. Given that all of 

the motors operate on 24VDC and up to 5 A, motor drivers were selected. The motor drivers 

selected are the Sabertooth 2 x 25 used from the previous robot. Each of the three Sabertooth 
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drivers can control 2 motors. They are compatible with motors rated up to 24V. The driver itself 

is presented below in Figure 26. 

 

 

Figure 26: Sabertooth 2 x 25 Motor Driver 

Because the motors/actuators for controlling the trap door on the shoot have not been 

specified, a motor driver had not been selected for them. Currently, the team is considering using 

either stepper motors or servomotors to actuate the trap doors, in which case one Adafruit Motor 

Shield V2 or another Sabertooth driver could be used to control both of the motors. 

A PlayStation 2 controller is being used for testing because to its ability to wirelessly sync up 

to the Arduino. PS2 controller is interfaced to the Arduino board through a simple shield that 

connects the controller to pins 10 – 13 on the Arduino via an analog signal. Once the electrical 

team begins working on the design, a completely different way of controlling the robot is 

expected to be implemented. 

 

7.7 Specific Changes from CDR 

 

At the CDR, a few issues were discussed and then modified before building. These changes 

are discussed on the next page. The final excavator assembly CAD with the changes discussed 

during the CDR is shown in Figure 27.  
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Figure 27: Final CAD Design 

7.7.1 Chassis 

The primary change from the CDR was the change from 1.50 in OD aluminum tube for the 

frame to 0.75 in square steel tube. This change allowed for easier manufacturability with 

negligible change in weight. This change allowed for better weldability between the chassis 

components and required less fitting of tubes. It also made measuring much easier. Figure 28 

shows the redesigned chassis. 
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Figure 28: Redesigned Chassis 

 

7.7.2 Vertical Auger 

The vertical auger cap was determined to be unnecessary due to the separator plate so it was 

removed to save weight. Also to get the desired 1/16
th

 inch auger clearance, a carbon fiber tube 

was selected to replace the PVC pipe. This change also helped save weight and allowed for a 

smooth transition between the bin and tube. Figure 29 show the redesigned auger end that was 

created after the CDR. 

 

Figure 29: Redesigned Auger 
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7.7.3 Motor Mounts 

The vertical auger motor mount was a concern at the CDR. Thus, it was significantly 

strengthened. As well, the distance between the motor and drive shaft sprockets was reduced. 

Additionally, all the motor mounts were slotted to allow for tensioning of the chain and 

adjustability to different sprocket sizes in the future. The current sprockets were scavenged from 

the old robot. 

7.7.4 Electrical 

The final electrical wiring was finalized after the CDR and involves a relay, a fuse protector, 

a single DC switch, an emergency stop, 3 Sabertooth drivers, and the Arduino package, which 

includes the aforementioned Arduino Mega2560, the Adafruit Proto-Screwshield, and the Dexter 

Industries PS2 interface shield. It should be noted that Dr. Roppel was a crucial player in 

designing and shaping the electrical portion the robot. His lab was used for soldering the 

Arduiino shields and it was under his guidance that the electronics were wired correctly. The 

electrical box was constructed from clear acrylic plastic and a Vex Robotics aluminum build kit. 

As per design, the wiring into and out of the electrical enclosure was fitted with quick 

disconnects so that the entire electrical/computing box could be removed if work were required. 

The enclosure is shown below in Figure 30. 

 

 

Figure 30: Electrical enclosure 
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8.0 Prototype Build 

For the build process, the team was divided up into sub-teams. Once the subsystems got close 

to completion, the team came back together to assure all interfaces were properly constructed 

and that the subsystems worked as needed.  

 

8.1 Chassis  

As the chassis provides the central interface between all of the other subsystems, special 

attention was taken to make sure that it was manufactured as closely as possible to the design. 

Corresponding tubes were milled flat simultaneously to ensure that the tubes were the same 

length. Great care was also taken to ensure that components were held squarely during and after 

welding. Also, an adjustable jigging feature with spacers was created to ensure that the front 

wheel hubs were held level, square and in the correct location for welding as shown in Figure 31.  

 

 

Figure 31: Chassis with Hub Alignment Fixture 

 

Since the front motor mounts as designed were part of the inner wheel structure, a temporary 

way was needed to attach them. Thus, the aluminum channel from the old robot was used. The 

duel channel setup helps to support the motor and minimize any twisting. This mount required no 

permanent additions to the robot so it can be easily removed and the wheel can be built as 

designed. This mount can be seen in Figure 32. 
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Figure 32: Duel Channel Motor Mount 

 

8.2 Bin  

The team worked with Jeff Thompson in Poly-Fi to develop a method to vacuum bag the bin 

(Figure 33). Plywood ribs were cut out in the shape of the bin as specified by the design. These 

ribs were then attached to each other and a thin sheet metal was draped over it. The ends were 

then sealed off and the bin was laid up with 4 layers of carbon fiber. After the bin had been set 

up, the holes were cut into it.  

 

 

Figure 33: Vacuum Bagging the Bin 
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8.3 Prototype Auger Test 

A prototype vertical auger subassembly was created to determine if the IG52 motor was 

sufficient to move sand. When it was shown to be feasible, the draw from the motor was tested. 

The result confirmed the MATLAB simulations discussed earlier were fairly accurate. Exact 

details of the test were not recorded as the setup was not finalized and the tube did not have the 

needed clearance volume. More details of the final tube will be discussed in the testing section. 

 

8.4 Augers 

The vertical auger tube was made by using a 4.0 in ID PVC tube which was used as a 

mandrel. This tube was filled with expanding foam to increase its rigidity. Then, layers of 

unimpregnated carbon fiber were wrapped around it under the desired 4.125 in diameter was 

obtained. At this point, the actual tube was made on the mandrel using 4 layers of carbon fiber. 

Once the tube had set up, the tube was cut according to the design.  

The top chute was then attached by using a 2 part epoxy and a wet lay of carbon fiber. The 

same process was used to attach the tube to the bin. In order to position the tube in the correct 

location in respect to the bin, measurements were made to ensure that the tube would clear the 

collection bin while still staying within the required length and height requirements. This process 

is shown in Figure 34. 

 

Figure 34: Attaching the Auger Tube to the Bin 
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8.5 Wheels  

Due to the time constraints, the wheels in the design were unable to be built. The rear wheels 

were designed to be 12 inches in diameter. The old Auburn robot had 11 inch wheels which were 

sufficient for testing and validation. The front wheels were designed to be 24 inches in diameter. 

Bicycle rims of 22in diameter were used on the front. A picture of the robot with the wheels 

attached can be seen in Figure 35 below. 

 

Figure 35: Prototype with Wheels 

 

9.0 Interfaces 

The chassis to bin interfaces were of particular importance to the build to ensure that rigidity 

of the bin/auger as well as strengthening the whole robot in general. The bin itself is held by four 

bolts at the bottom which attach to the chassis via risers. The horizontal auger is mounted 

through the bin to the chassis to remove extra stress to the bin. 

The interface between the bin and vertical auger tube was attached as discussed in the 

Prototype Section. The horizontal tube is also supported by a triangulated tube arrangement on 

the chassis to reduce the stresses on the tube.  

The electrical box was created in such a way to create a compact enclosed space for the 

prototype electronics. The motor drivers were attached in back to get them as far away as 

possible from the Arduino board. The box was also large enough to provide for storage of the 

play station controller when not in use. If desired, enough room is available to install a filter and 

fan on the box at a later date if desired. 

Future design/competitions teams should take the aforementioned interfaces into account. As 

well, the interface between the wheel design and the storage bin is critical to the functionality of 
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the robot’s design. Other interfaces of interest will be the new electrical and communications 

systems. Special attention must be taken to keep these areas dust free.  

 

10.0 Testing 

Auger and electronic testing were done to provide the following design team with a starting 

point. Each of these subsystem tests will be discussed below. 

 

10.1    Auger testing 

Initial testing of the augers was done by hooking up each to a power supply and spinning it to 

make sure that the auger spun freely. Once each auger was shown to spin without problems, both 

were hooked up to separate power supplies and sand was run through them (Figure 36). This 

initial test showed that the horizontal auger gear reduction was not sufficient to turn the auger 

when sand covered it. As well, it was noted that if the horizontal auger was spun at a faster rate 

than the vertical auger, sand packed the vertical auger stalling it. Both augers stalled at 

approximately 5 Amps at 24 volts. Both augers had more than enough speed. Thus, the 

conclusion of this test was that the concept was working but that the gear reduction (especially 

that of the horizontal auger) needed to be increased.  

 

 

Figure 36: Auger Testing with Sand 

 

10.2 Electronic Testing 

The electronic box was initially tested separate from the robot. First, the box was connected 

to the 24V batteries. The output from the digital display on the Drok voltage regulator was 

compared to the multimeter to ensure the correct voltage was being read.  
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Next, the Arduino board was wired to one of the Sabertooth drivers. The Arduino was also 

connected to the computer for inputting code and power. The power was supplied by the 

computer at this point to make sure that no potential issues in the box could damage the Arduino. 

One of the motors was also connected to the driver. Code was run through the Arduino until the 

PlayStation controller could wirelessly control the motor as desired. This process can be seen in 

Figure 37. 

 

 

Figure 37: Electrical Systems Testing 

 

10.3 Driving Test 

Once the single motor testing was completed, coding was completed that allowed four 

motors to be controlled using two of the three Sabertooth drivers. The electronics box was 

attached to the robot and the four driving wheels were wired to the box. Each motor driver was 

controlled by one of the joysticks on the PlayStation controller. This allowed for skid steering of 

the robot. (Figure 38).  
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Figure 38: Skid Steer using Controller 

 

The test proved the operability of the electrical systems. Issues arose with the wheels 

however. The smaller wheels (those used on the past robot) were found not to be concentric with 

the sprockets. Thus, the chain caused the back motors to bounce putting aditional stress on the 

motor mounts. Additionally, the bushings were a bit too tight on the shaft and came loose from 

the wheels. 

Likewise, the front wheels were proven to be non-ideal. Traction was achieved by attaching 

26 inch rubber tires to the front wheels. A single #10 bolt was used to hold each bicycle rim to 

the shaft. During an attempt to turn right, the bolt attaching the right front wheel sheared off and 

damaged the rim. Given the FEA done on the actual design, this issue does not appear to be a 

problem in the final wheel. 

The robot, with the current sprocket reduction, is very fast. Given that initial calculations 

required a maximum speed of 1 mph, there is a large amount of adjustability in the reduction that 

will allow increased torque for digging in the front and lighter motors in the back. As all the 

driving motors have the same reduction currently, future tests will attempt to reduce slippage by 

pulsing the frequency of the voltage on the back wheels at a lower rate than the front.  

Failure of the front right wheel was early on in the testing process and didn’t allow time for 

empirical data to be recorded. The primary goal of this test was to prove operability of the 

electronics as the wheels aren’t representative of the actual design. Thus, the test was determined 

to be a success. 

After the test, the rear wheels were both replaced and the shaft was sanded to help the 

bushing slide on easier. The front wheel attachments to the shafts were beefed up by adding an 

additional #10 bolt. After these fixes, the robot was again tested. It easily did a zero turn on 

concrete during this test. As the batteries wore down, it became harder and harder to turn. The 
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robot was also taken out to drive on the grass where it seemed to perform about the same. Even 

with a low battery, an obstacle of approximately 3 inches was traversed by the wheels. During 

this portion of the test, the robot was wirelessly controlled out to a range of 50+ feet with no 

noticeable degradation of control. An exact distance was not determined as the batteries died. 

 

10.4 Full System Test 

Once the batteries were recharged, the augers were wired up and full system testing began. 

The first portion of this testing involved determining the deposit rate of the augers. Forty eight 

pounds of sand (21.8 kg) was poured into the bin before each test. This 48 pounds of sand filled 

the bin approximately halfway to the top. Each test was run for a specified time and the amount 

of sand deposited was weighed. Between each run, as much sand as possible was removed from 

the auger tube to ensure accuracy of date. This data can be seen in Table 5. As the bin hasn’t 

been clear coated yet, the surface doesn’t allow the sand to slip as well as it will in the actual 

competition. However, an easy way to combat this was to shake the robot by quickly moving the 

wheels back and forth. It was also noted that new reduction ratio took care of any jamming 

issues.  

Table 5: Full System Auger Test 

 

 

Once auger testing was completed, the robot’s speed was determined by recording its time to 

traverse 45 ft both with and without the 48 pounds of sand. As can be seen in Table 6, the 

difference in time was very small. Unloaded the robot traveled at approximately 2.19 mph. 

Loaded it traveled at 1.92 mph. Given that the desired maximum speed was 1 mph, the gear 

reductions can be adjusted to provide more torque to the digging wheels. 

Unloaded and loaded, the robot had no problems completing a zero turn (even with a flat 

tire). The joystick controls were very straight forward and the robot responded very well to 

wireless operation. 

 

Sand weight (kg) 21.8

Run Run Time (sec) Sand deposited (kg) % of original Shake (Y/N) Other Notes

1 44 19.1 88% N New sprocket had no problems with jamming

2 30 18.1 83% N

3 30 20.4 94% Y Bin almost empty by 15 sec

4 15 12.7 58% N

5 18 11.8 54% Y Piled in back of bin
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Table 6: Speed Tests 

 

 

The conclusion of the full system test was that the current setup over performed in all 

aspects. As designed, the augers were expected to dump 30 kg of regolith in two minutes. 

However, the testing showed over 20 kg can be dumped in approximately 30 seconds. Driving 

speeds were calculated to be around twice as fast as the desired maximum with and without a 

load. Thus, the next team will need to decide if they want to cut back the performance levels for 

weight savings or try for a third digging session. 

 

 

Figure 39: Finalized Prototype After Testing 

11.0 Validation/Verification 

Both augers and the electrical subsystem have been validated independently before being 

integrated into the assembly. Once the non-autonomous prototype was completed, the system 

was validated through testing (as discussed above) by showing that the systems are working 

together properly. Then, the full system will be verified to the sponsor and advisors through a 

series of field tests designed to showcase basic functions such as driving and dumping as defined 

by the testing/prototype engineer. 

45 foot run (13.7 m) Time (sec)

w/o sand 14

w/ 21.8 kg of sand 16
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12.0 Economic Analysis 

 

A first pass budget was formed with the help of a BOM as shown in Appendix N. The 

estimated total cost of materials for the project at the time of the CDR was $3000. This did not 

include any tooling costs.  

The actual cost to build the prototype was just shy of $1000 per the teaching assistant’s 

records. A full breakdown of purchases can be seen in Appendix O. Money was saved by reusing 

many of the materials from the old robot as well as using hardware and tooling available in the 

senior design project room. For example, two 24V batteries were found saving around $700. 

These batteries are just for testing and should be replaced with lighter ones by the next team. As 

well, the carbon fiber and epoxy used to create the bin and auger tube was donated by Mr. 

Thompson.  

 

 

13.0 Mass 

The mass of the robot is still expected to be approximately 40kg if completed as designed. 

The mass of the current prototype is 45.4 kg. However, this mass is not representative of the 

proposed design due to the temporary electronics, heavy batteries and different wheels. A 

general breakdown of masses can be seen below in Table 7. A piece by piece mass determination 

would be helpful in the future. 

 

Table 7: Mass Breakdown 

 
14.0 Risk Management 

Potential issues that could arise have been noted and ranked in Appendix K. Solutions to 

these issues will be in the form of design, testing or inspection. A kill switch has been attached to 

power down all systems upon a malfunction. Special care should be taken to make sure that large 

objects do not come in contact with the augers. Future teams will also need to enclose the chains 

for safety. 

 

Component/System Mass per (kg) Quanity Total Mass (kg)

Electrical Box 3.63 1 3.63

Battery 3.18 2 6.36

Motor 1.59 6 9.54

Chassis w/ Wheels 13.57 1 13.57

Horizontal Auger 3.63 1 3.63

Bin and Vertical Auger 8.62 1 8.62

Sum 45.35
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15.0 Project Management 

 

The NASA robotic mining team was divided into two separate groups for an internal 

competition to determine the best concept during the first 4 months of the project. Corporation 

12 was a four member group of the original 8 person team. Corp 12 was managed by Matthew 

Jones. David Faucett was lead designer for the wheel/digging device. Stewart Boyd was the lead 

storage/deposition designer. Will Flournoy was the testing/prototype engineer.  

 

After the Concepts Review, the other four members of the team joined with corporation 12 to 

form the NASA robotic mining team. Cy Scott assumed the position of electrical/controls 

subsystem lead and worked on the electrical closure. Bradley Kondrak helped Will with the 

motors and the carbon fiber bin. Jay Jeter worked with Stewart on the bin/dump system. Bo 

Thornton also worked on the bin design and helped with project management/paperwork. By the 

end of July 2014, a working non-autonomous prototype was built and tested. For a full timeline, 

refer to Appendix I: Gantt Chart. 

Configuration management will managed by storing information on Dropbox. Before the CR 

and PDR, a full set of relevant information was saved in a file for storage. After ORR, the final 

data set will be handed off to the next team in a method to be determined by Dr. Beale. 

 

16.0 Future Work 

The team has designed the prototype of a very unique robotic mining system. During the 

summer, the actual wheels were not able to be manufactured. Finishing the build of those wheels 

(or a redesigned version) is the primary issue that needs to be addressed by the next design team. 

As designed, the wheel rims will likely need to be outsourced. Three separate companies 

provided quotes as can be found in the TDP. Once these wheels are built, the robot can be tested 

extensively to determine the best course of action for making the final battery selection and 

determining the best way to approach autonomy. 

Thus, another issue is the design/integration of electrical systems capable of autonomous 

operation. This portion of the design will likely need to be handed to an electrical or computer 

team as it will involve very complex coding. 

While not vital to the operation of the robot, weight savings is another area for future work. 

Weight can easily be saved by making the electronics box out of carbon fiber. Other weight 

savings could involve replacing the metal shafts in the augers, shortening of bolts and replacing 

the auger hubs. Much for ambitious changes might involve making the entire frame out of carbon 

fiber or shortening the entire robot. Overall, the design currently is still a prototype. Now that the 

concept has been proven to be possible, some refining touches can help make it into the winning 

2015 design. 
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17.0 Conclusions 

Through careful examination and testing, the wheeled digging device was determined to be 

the optimum solution to win the 2015 NASA Robotic Mining Competition. Systems engineering 

tools such as the Vee Chart and 11 System Engineering Functions helped to track progress and 

ensure proper care was used during the design process (Appendix J). 

Using the wheeled digging device and two auger system, an estimated 1420 points can be 

earned per run. This value is much higher than the 2013 winner which was just above 900 points. 

Appendices L and M were used to determine a general point breakdown. As autonomy is one of 

the main sources of points, special attention was taken to ensure the system was designed in such 

a way to maximize the usage of on/off processes.  

In late-May, a CDR was delivered. Final design changes were made and then fabrication 

commenced. A working non-autonomous prototype was created and tested by the end of the 

summer. A complete timeline can be seen in the Gantt Chart (I). 

Overall, the current prototype is over built. It over performs in both the dumping and moving 

speeds. But it is also 5 kg over the projected weight. This testable prototype was designed to be 

vastly different than any other robot seen in the competition to this point. With that in mind, it 

was hard to tell how well it would work until the prototype was completed. The design process 

took 5 months. Then, the current prototype was built and tested in just under two months. The 

design is an excellent concept for the next team to build upon. With a little work, this concept 

has potential to be the 2015 winner. 
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Appendix A: Manager’s Project Contract of Deliverables 

NASA Robotic Mining Competition Design Team 

Manager: Matthew Jones 

5/20/2014 

The following Manager’s Project Contract of Deliverables (MPCOD) will serve as the definitive contract 

between the design team and the sponsor upon initial sponsor approval. This contract has had unanimous 

approval of the group. Any changes to the MPCOD will be subjected to a three quarter majority vote of the 

group and approval of the sponsor. These changes will be added to the original contract as an addendum. In 

a conflict, the latest addendum will supersede any previous agreements. The MPCOD and all the deliverables 

within will be handed over by COB of last day of finals for the summer of 2014. 

The deliverables for this project are as follows: 

1. Technical Data Package- The technical data package (TDP) will have a complete set of mechanical 

drawings detailing the manufacture/assembly of parts (not including purchased parts). These 

drawings will be sufficiently detailed to produce the mechanical/structural components of the 

design. A generalized electrical/wiring layout will also be included. Finite Element Analysis (FEA) 

done during the design portion will be included. Documentation of testing (if more than what is in 

design notebook is deemed necessary by the team) will be included. Specification sheets of 

purchased parts/materials will be included to the extent given by the manufactures. Last, a Bill of 

Materials (BOM) will be compiled.  

2. Design Notebook- The design notebook will show the general design progress and enough detail on 

design/testing to ensure future team members can determine design intent. Through the usage of 

the design notebook and other documentation as specified in the MPCOD, a future mechanical team 

will be able to ascertain the concept, design specifics, production and testing of the robot. Using the 

same set of documents, an electrical team will be able to determine the current status of the 

electrical design and modify accordingly. 

3. Physical Robotic Components- The team is responsible for the mechanical/structural portions of the 

robot (assembled) which meet the specifications as noted in the 2014 NASA Mining Competition 

Rules. The robot will include marginally operational electronic systems capable of allowing for 

mechanical system and/or subsystem testing and validation. The level of system and/or subsystem 

testing and validation that is finished may correlate to the amount of support that is provided by 

electrical professors and/or electrical students. If time, a controller such as an xbox or ps2 controller 

will be implemented to test the robot. 

4. Systems Engineering Report- A systems engineering report will be developed using the Vee Chart and 

11 Systems Engineering functions (as defined in class). This report will be up to date with the 

progress of the design when delivered.  

5. Access to Full Set of Design Files- A complete set of design files will be turned over for use by future 

teams. This will include 2D mechanical drawings, 3D cad, data management information, design 

process information, contact info and reports. The TDP, as defined above, will be submitted in this 

information. 
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Addendum 1 

6/14/2014 

 

Addendum 1 has been agreed upon by the team and upon approval of the sponsor will supersede 

the MPCOD. This addendum has been written due to a major redesign of several of the 

components/subsystems after sponsor/advisor requests for changes at the Critical Design Review 

(CDR). As well, several unforeseeable delays have stretched the build process to such a point that it 

will be impossible to finish the physical robotics component section (#3) in the summer. 

 

From the original MPCOD, numbers 1,2, 4,5 will remain intact and will be representative of the 

overall design which will be finished by the following senior design or competition team.  

 

Number 3 will be modified to read:  

 

Physical Robotic Components- The team is responsible for the design and fabrication of the 

chassis, bin and augers which meet the specifications as noted in the 2014 NASA Mining 

Competition Rules. The robot will include wheels solely for testing per sponsor request. The 

robot will also include basic electronic systems capable of allowing for auger testing and 

validation.  

 

The level of system and/or subsystem testing and validation that is finished may correlate to 

the amount of support that is provided by electrical professors and/or electrical students 

and the ability to procure electronic components in a timely manner. A controller such as an 

xbox or ps2 controller will be implemented to test the robot’s ability to roll and test the 

augers’ functionalities. Roll testing may not be representative of the actual robots 

movement but will be used to showcase the electrical system concept. 

 

Any later changes will be added in subsequent addendums using the process defined in the MPCOD. 

These future addendums will supersede old addendums and the original contract. 
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Appendix B: 2014 NASA Competition Rules 
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Appendix C: Rule Clarification Correspondence 
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Appendix D: Virtual Test Run 

%%%Code for calculating expected course travel during 10 minute run 
%NASA Robot Senior Design Spring 2014 

  
clc 
clear all 

  
mph=input('Enter wheel speed in miles per hour: '); %most teams run from .25 

to .5 mph 
meterph= 1609.34*mph; %meters per hour 
meterps= meterph/3600; %meter per sec 

  
timemax=10; %10 minutes 
timemaxsec=timemax*60; %competition time in seconds 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Competiiton bin size 
%%%overall 7.38m x 3.78m 

  
    %Start zone 2x (1.89m x 1.5m) 
    Lst=1.5; %length in start zone 

  
    %Obsticle area (3.78m x 2.94m) 
    Lobs=2.94; 

  
    %Digging area (3.78m x 2.94m) 
    Ldigmax=2.94; 
    Wdigmax=3.78; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%Time to cross start (assuming turned around backwards)  
orienttime=10; %time to orient robot (sec) 

  
traveltimest=Lst/meterps; %traveling time across start zone 
timestartzone=orienttime+traveltimest; %total time in start zone 

     
%%%Time across obstacle zone 
alpha=.25; %percentange of full speed through the obstacles 
traveltimeobs=Lobs/(alpha*meterps); 

  
%%%Digging time 
beta=.25; %percent full speed due to turning and/or digging retardation.  
nL=2; %number of length passes 
nW=1; %number of width passes 
Ldig=nL*Ldigmax+nW*Wdigmax; %length traveled while digging 
digtime=(Ldig)/(beta*meterps); 
digtimemin=digtime/60; %dig time in minutes 

  
%%%Amount Dug 
BP_1denlbin=.027095469; %lb/in^3 
%BP_1denlbin=0.05; %ish to check max 
BP_1den=BP_1denlbin*27679.9047; %kg/m^3 
Nscoops=10; %number of scoops per wheel 
wheeldiain=21; %wheel diameter (not including scoop dia) (in) 
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wheeldia=wheeldiain*0.0254; %dia in meters 
volscoopinch3=38.918;  %volume of one scoop (in^3) 
volscoop=volscoopinch3*1.63871e-5; %converted to m^3 
sfill=.50; %amount of scoop filled 
cir=pi*wheeldia; 
digvol=2*(Ldig/cir*Nscoops*sfill*volscoop); %amount dug with 2 digging wheels 
BP_1weight=BP_1den*digvol;%weight of BP-1 dug (kg) 

  
%%%%% 
%weight per scoop 
weightscoopdig=volscoop*BP_1den; 
%%%%% 

  
%%Return time 
gamma=.75; %retardation due to weight (precent of max speed) 
traveltimeobsret= 1/gamma*(traveltimeobs+traveltimest); %time to get back to 

collector bin 

  
%%Allign time 
tallign=15; %time to allign to collector bin (sec) 

  
%Dump time 
timedump=timemaxsec-

(timestartzone+traveltimeobs+digtime+traveltimeobsret+tallign); %maximum 

allowed time to dump given other inputs 
timedumpmin=timedump/60; %dump time in minutes 

  
%Non-digging and dumping time (Travel time) 
traveltimemin= timemax-(timedumpmin+digtimemin); %time not spent digging or 

dumping in minutes 

  
%Output 
fprintf('\nThe digging distance traveled was %2.3f meters. \n', Ldig)  
fprintf('The volume of BP-1 collected was %2.3f meters^3. \n', digvol) 
fprintf('The weight of BP-1 collected was %2.3f kg. \n\n', BP_1weight) 
fprintf('The weight of BP-1 collected per scoop per rev was %2.3f kg. \n\n', 

weightscoopdig) 
fprintf('The digging time was %2.3f minutes. \n', digtimemin) 
fprintf('The travel time was %2.3f minutes. \n', traveltimemin) 
fprintf('The max dumping time was %2.3f minutes. \n\n', timedumpmin) 
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Appendix E: Dumping Auger Simulation 

%Dumping Auger Analysis and Motor Sizing 
%Jay Jeter and Stew Baloo Boyd 

  
clc; clear all; 

  
%___________Auger characteristics 
od = 4; %in 
id = 1.5; %in 
pitch = 2/3*od; %in 
length = 36; %in 
length_m = length*.0254; %meters 
N = length/pitch; %number of turns in auger 
theta = 35; %degrees 
e = .6; %Efficiency of auger at 35 degree incline 

  
%___________Regolith Characteristics 
den_g = 0.75; %g/cm^3 
den_kg = 0.75*1000000/1000; %kg/m^3 
total_mass = 27.6*3; %kg Total mass to be unloaded 
t_mins = 2.5; %min Time available to complete operation 
t_secs = t_mins*60; 
%___________Volume Equations 
V = e*(pi*(od^2-id^2)/4)*pitch*N; %in^3 
V_ft3 = V/(12^3); %ft^3 
V_m3 = V_ft3*.0283; %m^3 
V_act = V_m3; %m^3 

  
%___________Mass Equations 
M = V_act*den_kg; %kg Mass contained in one full auger load 
m = M/N; %kg Mass of one rotation of screw 

  
%___________RPM Equations 
flow = total_mass/t_mins; %kg/min Target Mass Flow Rate 
rots_needed = (total_mass/m) + M/N; %turns needed to remove all material 
rpm = rots_needed/t_mins; %target motor rpm 
rpm_rads = rpm*0.1047; %rad/s 
%___________Energy Equations 
g = 9.81; %m/s^2 
Ixx = 0.0319; %kg-m^2 
PE = total_mass*g*length_m*sind(theta) + Ixx*rpm_rads^2; %J potential energy 
P_watts = PE/t_secs; %W Power 
P_hp = P_watts*0.001341; %hp Power in horsepower 
T = (P_hp*5252)/rpm; %Torque in lb-ft 
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Appendix F: Horizontal Auger Simulation 

%Bin Auger Analysis and Motor Sizing 
%Jay Jeter and Stew Baloo Boyd 

  
clc; clear all; 

  
%___________Auger characteristics 
od = 6; %in 
od_m = od*.0254; 
id = 1.5; %in 
id_m = id*.0254; 
pitch = od; %in 
length = 20; %in 
length_m = length*.0254; %meters 
N = length/pitch; %number of turns in auger 
theta = 0; %degrees 
e = 1; %Efficiency of auger at 35 degree incline 

  
%___________Regolith Characteristics 
den_g = 0.75; %g/cm^3 
den_kg = 0.75*1000000/1000; %kg/m^3 
total_mass = 27.6*3; %kg Total mass to be unloaded 
t_mins = 2.5; %min Time available to complete operation 
t_secs = t_mins*60; 
%___________Volume Equations 
V = e*(pi*(od^2-id^2)/4)*pitch*N; %in^3 
V_ft3 = V/(12^3); %ft^3 
V_m3 = V_ft3*.0283; %m^3 
V_act = V_m3; %m^3 
V_flow = V_act/t_secs; %m^3/s 

  
%___________Mass Equations 
M = V_act*den_kg; %kg Mass contained in one full auger load 
m = M/N; %kg Mass of one rotation of screw 

  
Vel = V_flow/(pi*(od_m^2-id_m^2)/4); %m/s 

  

  
%___________RPM Equations 
flow = total_mass/t_mins; %kg/min Target Mass Flow Rate 
rots_needed = (total_mass/m) + M/N; %turns needed to remove all material 
rpm = rots_needed/t_mins; %target motor rpm 
rpm_rads = rpm*0.1047; %rad/s 

  
%___________Energy Equations 
g = 9.81; %m/s^2 
Ixx = 0.00572; %kg-m^2 
KE = 0.5*total_mass*Vel^2 + Ixx*rpm_rads^2; %J Kinetic Energy 
P_watts = KE/t_secs; %W Power 
P_hp = P_watts*0.001341; %hp Power in horsepower 
T = (P_hp*5252)/rpm; %Torque in lb-ft 
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Appendix G: Motors 
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Appendix H: Battery 
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Appendix I: Gantt Chart 
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Gantt Chart (continued)  
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Appendix J: Vee Chart 
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Appendix K: Risk Management Chart 

Priority Description Risk 

Expectation 

Required 

Follow-up 

Type Required Action/Status 

1 Wheel 

Jammed 

Likelihood: Low 

Consequence: 

Failure to dig 

and/or drive 

(Mod) 

Research/Testing Technical Determine method to ensure jams don't 

happen 

2 BP-1 Not 

Sliding into 

Bin 

Likelihood: 

Mod 

Consequence: 

Buildup of BP-1 

on ramp (Mod) 

Testing/Watch Technical Initial tests say 30 degrees is sufficient. 

Follow-up tests when fabricating 

3 

 

 

 

 

 

 

Auger(s) 

Jammed 

Likelihood: 

Mod 

Consequence: 

Buildup of BP-1 

in bin/no 

dumping ability 

(Hi) 

Research/Testing Technical Test when fabricating 

4 Dirt in 

Drivetrain 

Likelihood: 

Mod 

Consequence: 

Malfunction/fail

ure (Mod) 

Testing/Watch Technical Test to ensure dust cover provides 

sufficient cover/clean between runs 

5 Linear 

Actuator in 

Wheel Fails 

Likelihood: Low 

Consequence: 

No digging or 

disqualified run 

(Hi) 

Watch Technical Examine during test runs and before 

each competition run 

6 Loss of 

Comm 

System 

Likelihood: 

High, Lo 

Consequence: 

Loss of control    

-Temporary 

(Lo)                               

-Permanent (Hi) 

Research/Testing Technical Ensure ability to reconnect, allow 

autonomous operations to take over 

7 Malfunction 

in Autonomy 

Likelihood: 

Mod 

Consequence: 

Loss of 

autonomy points 

(Lo) 

Research/Testing Technical Introduce redundancy in autonomous 

sensors, provide checks in software 

8 Electrical 

Short 

Likelihood: Low 

Consequence: 

Loss of 

control/fire (Hi) 

Watch Safety/Technical Ensure kill switches work before each 

run 

9 Robot Tips 

Over 

Likelihood: Low 

Consequence: 

Loss of control 

(Hi) 

Testing/Watch Technical Make sure weight of BP-1 dug is 

centered between wheels 
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Appendix L: Scoop Gathering Rate 

%NASA Mining Robot 
  
clear,clc 
% Parameters                                            % Units 
BP1_Density=0.0406432;                                  % lb/in^3 
%%%%%%%%%%%%%%%%%%%%% Design Parameters 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Efficiency = 0.10;                                      % Volume Dirt/Volume Scoop 
diaWheel=20;                                            % in 
scoopVolume=29.376;                                     % in^3 
numScoops=10;                                           % 
AngularSpeed=.5;                                         % rad/s 
RPM = AngularSpeed*(60/(2*pi));                         % rpm 
NumOfWheels=2;                                          % number of wheels that dig 
  
%%%%%%%%%%%%%%%%%%%% Simulation Parameters 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
RunTime=60;                                             % s 
  
%%%%%%%%%%%%%%%%%%%% Calculations 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
perimeter=pi*diaWheel;                                  % in 
spacing=perimeter/numScoops;                            % in/scoop 
Velocity=(diaWheel/2)*AngularSpeed;                     % in/s 
DumpRate=Velocity/spacing;                              % scoops /second 
% Amount of BP1 per scoop 
AmountBP1=scoopVolume*BP1_Density*Efficiency;           %lbs/scoop 
% Harvest Rate BP1 Per Seconds 
BP1HarvestRate=AmountBP1*DumpRate*NumOfWheels;          % lbs/s 
  
% Total BP1 harvested 
TotalBP1=BP1HarvestRate*RunTime;                        % lbs 
  
%%%%%%%%%%%%%%%%%% Printing to terminal 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
fprintf('\tTarget BP1 To Harvest\n') 
fprintf('\t10kg = 22.05lbs\n\n') 
fprintf('\tSimulation Results\n') 
fprintf('\tRun Time [s]\tDump Rate [lbs/s]\tAmount BP1 [lbs]\n') 
fprintf('\t%11.2f\t\t%16.2f\t\t%11.2f\n\n',RunTime,BP1HarvestRate,TotalBP1) 
  
fprintf('\tIndividual Wheel Excavating Spec\n') 
fprintf('\tWheel speed [rpm]\tAmount/Scoop [lbs]\tEfficiency [%%]\n') 
fprintf('\t%16.2f\t\t%13.2f\t\t%9.2f\n',RPM,AmountBP1,Efficiency*100) 
fprintf('\tTotal Amount/Wheel [lbs]\n') 
fprintf('\t%23.2f\t\t\n',AmountBP1*DumpRate*RunTime) 
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Appendix M: NASA Lunabot Scoring MATLAB Code 

%%%NASA LUNABOT SCORING  

%%%Matthew Jones, David Faucett, Stewart Boyd, Will Flournoy 

%%%Spring 2014 

  

%%This file is intended to estimate the amount of points received per "NASA's Fifth Annual 

Robotic Mining Competition Rules and 

%%Rubrics 2014." 

  

clc 

clear all 

  

%%%Inputs 

SafeandCommCheck=input('Pass safety and comm check? (yes=1 n=0) '); 

KG=input('Amount of BP1 dug(kg) '); 

DATA=input('Amount of kilobits/second average data(kb/sec) '); 

WEIGHT=input('Weight of robot (kg) '); 

engycon=input('Was energy consumption reported after run (yes=1,  no=0) '); 

  

%%%Dust inputs - (judge's discretion) 

dustdrive=input('Enter number from 0 to 10 for points for drivetrain components 

enclosed/protected and other component selection '); 

    if dustdrive <0 | dustdrive>10 

        error('Check input for drivetrain dust.') 

    end 

dustsealing=input('Enter number from 0 to 10 for points for custom dust sealing features 

(bellows,seals,etc.) '); 

    if dustsealing <0 | dustsealing>10 

        error('Check input for dust sealing features.') 

    end 

actdust=input('Enter number from 0 to 10 for active dust control (brushing, electrostatics,etc.) '); 

    if actdust <0 | actdust>10 

        error('Check input for active dust control.') 

    end 

dustmove=input('enter number from 0 to 20 for driving without dusting up crushed basalt '); 

    if dustmove <0 | dustmove>20 

        error('Check input for driving without dust.') 

    end 

dustdig=input('enter number from 0 to 30 for digging without dusting up crushed basalt '); 

    if dustdig <0 | dustdig>30 

        error('Check input for digging dust.') 

    end 

dusttransf=input('Enter from 0 to 20 points for transferring crushed basalt without dumping on 

robot '); 

    if dusttransf <0 | dusttransf>20 

        error('Check input for transfer dust.') 
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    end 

  

%%%Autonomy Inputs 

    autoindex=input('What did robot autonomously robot do? (No autonomy=0  Cross field=1  

Cross and excavate=2  Deposit once=3   Full 10 min=4) '); 

  

%%%Start of main code 

maxweight=80; %maximum dry weight of robot per rules 

if WEIGHT > maxweight 

    error('Robot too heavy') 

else  

    %%%Pass Saftey and comm check 

    if SafeandCommCheck == 1 

    SafeComm=1000; 

    elseif SafeandCommCheck == 0 

        error('Must pass safety and comm check to compete.') 

    else 

        error('Please enter a 1 or 0 for saftey and comm check.') 

    end 

     

    %%%Points per kg dug 

        initial=10; %10kg to qualify 

    if  KG<initial 

        DigPoints=0; 

        totalpoints=0; 

    else 

        pointsperkg=3; %points per kg Bp-1 dug over qualifying value 

        DigPoints=pointsperkg*(KG-initial); 

     

        %%%Points per 50kb/sec avg data 

        datadeduct=(-1/50); %points per kb/sec 

        DataPoints= datadeduct*DATA; 

  

        %%%Points per kg mining robot weight 

        weightdeduct=-8; %points per kg of robot dry weight 

        WeightPoints= weightdeduct*WEIGHT; 

  

        %%%Points for stating energy consumption after run 

        if engycon==0 %not stated 

            engyconpoints=0; 

        elseif engycon==1 %stated 

            engyconpoints=20; 

        else  

            error('Please enter a 1 or 0 for energy consumption reported.'); 

        end 
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        %%%Points for dust free operation 

        dustpoints=dustdrive+dustsealing+actdust+dustmove+dustdig+dusttransf; 

             

        %%%Autonomy 

        if autoindex == 0 %No autonomy 

            autopoints=0; 

        elseif autoindex == 1 %Cross field 

            autopoints=50; 

        elseif autoindex == 2 %Cross field and dig 

            autopoints=150; 

        elseif autoindex == 3 %One complete run 

            autopoints=250; 

        elseif autoindex == 4 %Full 10 minutes 

            autopoints=500; 

        else 

            error('Check autonomous input.') 

        end 

   

        %%%Total points calc     

        

totalpoints=SafeComm+DigPoints+DataPoints+WeightPoints+engyconpoints+dustpoints+autop

oints 

   

    end 

end 

 

 

 

 

 

 

 

 

 

 

 

 



82 
 

Appendix N: Bill of Materials (At the time of CDR) 

 

Material Amount Cost per [$] Total [$]

6061 Aluminum Tube 1.5" OD 1.25" ID Tube 1 45.72 45.72

6061 Aluminum Tube OD 2.25" ID 1.25" Tube 1 18 18

6061 Aluminum Plate 0.188" Thick 1 15.03 15.03

6061 Aluminum Square Tube 0.5"X0.5" 1/16" wall thickness 1 18.72 18.72

6061 Aluminum Rec. Tube 0.5"X1.0" 1/16" wall thickness 1 21.6 21.6

6061 Aluminum Rec. Tube 0.25"x0.5" 1/16" wall thickness 1 40.84 40.84

6061 Aluminum Tube OD 0.5" ID 0.402" 1 18.2 18.2

6061 Aluminum Tube OD 0.75" ID 0.5" 1 7.2 7.2

6061 Aluminum Sheet Metal 0.090" thick sheet 1 34.64 34.64

6061 Aluminum Sheet Metal 0.063" thick 1 96 96

6061 Aluminum Sheet Metal 0.09" thick 1 42.56 42.56

6061 Aluminum Bar 0.188"x0.50" 1 14.08 14.08

Rubber sheet 0.050" Thick 1 30.43 30.43

IG52-04 24 VDC 82 RPM 4 135 540

Steel Roller Chain Sprocket for #25 Pitch Chain - 09 Teeth 4 9.67 38.68

Steel Roller Chain Sprocket for #25 Pitch Chain - 45 Teeth 2 29.18 58.36

Steel Roller Chain Sprocket for #25 Pitch Chain - 60 Teeth 2 36.62 73.24

Continuous pull solenoid. Holding force 12.8 N, Voltage 24 VDC 2 20.42 40.84

Bearing Shaft Dia 0.75" OD 1.781" 4 11.87 47.48

Bearing Shaft Dia 5/8" OD 1.125" 4 8.62 34.48

22 0.88 19.36

1255.46

Material Amount Cost per [$] Total [$]

IG42-04 24 VDC 340 RPM 2 55 110

4" on Stainless Steel Center Tube 3 21.17 63.51

5 5/8" on Stainless Steel Center Tube 1.67 25.45 42.50

1" Pillow Block Bearing 1 14.97 14.97

1" Flange Bearing 1 9.18 9.18

PVC End Cap 1 7.71 7.71

PVC 38"L 4"D 1 12.17 12.17

EconomyPlate Carbon Fiber 8 ft^2 1 190.00 190.00

Plaskolite Corrugated Sheet 1 8.49 8.49

1"x1" Aluminum Square Tube 6 ft 1 20.58 20.58

Aluminum Angle Bar 4 ft 1 12.60 12.60

Aluminum 1"D 8 ft 1 56.16 56.16

1/8" Aluminum Sheet 2 ft^2 1 27.50 27.50
1" Bearing 1 17.99 17.99

593.3615

Material Amount Cost per [$] Total [$]

Arduino Due 1 49.95 49.95

DC Motor Driver 20A RKI-1340 6 10.78 64.68

Adafruit Motor/Stepper/Servo Shield v2 1 19.95 19.95

K2 25.6V LiFePO4 Battery Pack 9.6Ahr 2 359.00 718.00

852.58

1/4 X 20 X 1.25 LG HHCS 100 PACK 1 7.760 7.760

1/4 x 20 LOCKNUT 100 PACK 1 7.950 7.950

Grommets

1/4 WASHER 100 PACK 2 3.300 6.600

22.310

2723.712

Bill of Materials

Total (Electronics)

Total (Overall)

Total (wheels)

2 Digging Wheels and 2 Non Digging Wheels

Auger/Bin/Chassis

Electronics

Total Auger/Bin/Chassis

Total Hardware

Hardware
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Appendix O: Purchases for the Prototype 
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