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Abstract 

The goal of Corporation Five’s senior design project was to alter and improve the 
2014 NASA Robotic Mining robot developed at Auburn, with the goal of producing an 
autonomous and lightweight robot for the 2015 NASA Robotic Mining Competition. The 2015 
NASA competition rules, previous design specifications and research, as well as testing and 
experimentation were used to develop a functional and competitive design. 

NASA’s robotic mining competition has several parameters that have been constant for 
the last several years in addition to two new developments published in the 2015 regulations. 
Black Point 1 (BP-1) constitutes the soil on the competition track, with a newly added simulant 
for the icy gravel expected on Mars. A new restriction for autonomy is also included disallowing 
contact with the edges of the competition arena for navigation. 

Through the use of such engineering tools as the Vee Chart, the 11 system engineering 
functions, and detailed trade studies, an innovative and competitive design was developed. A 
conveyor digging system in combination with an auger delivery system and an innovative wheel-
leg locomotion system were selected for the robot. The conveyor is a subsystem proven effective 
by several years of legacy in the competition, shown in the trade study, and the auger system 
underwent extensive testing last semester to verify its effectiveness. Gravel tests on the auger 
indicated that a wide inlet was necessary to prevent gravel from jamming in the mouth, and 
corrections have been made. The Conveyor/auger system provides an efficient solution with 
simple functions for autonomous control. The wheel-leg system has never been used in this 
competition before and was designed by Auburn engineering students for this purpose. It is an 
innovative and unique system, which places Auburn’s Robotics team in an advantageous 
position for winning the NASA ingenuity award. To achieve the goal of making the Robot 
lightweight, the frame has been designed in carbon fiber, and the bucket dimensioned in such a 
way as to permit the use of gravity in place of a mechanism to load regolith into the auger. 

Review of the competition point structure showed that the most effective way to win the 
on-site mining portion of the competition is to complete the compition run autonomously. The 
ability to run the robot autonomously combined with the low weight of the current robot design 
exceeds the point gain that might be possible with a design focused on heavy digging and 
collection of large amounts of regolith. 

This Design is to be completed by February of 2015 and will include dimensioned 
drawings of manufactured parts, a bill of materials, any necessary records of testing and 
prototyping, and a complete technical resource budget. By the end of spring 2015 this design will 
be manufactured and in competition. Autonomous function for the robot will be achieved by the 
end of spring 2015 through the the Space Club team and an electrical senior design team. 
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1.0 Introduction 

The objective of this semester is to design the systems necessary to complete a functioning 
robotic miner to take to the NASA competition in May of 2015. The problems associated with 
completing this objective are the strict adherence to the NASA competition rules (attached in 
Appendix A) and building a robust, reliable robot that is lightweight, autonomous, and 
simplistic. Auburn University has not been able to field a successful mining robot within the past 
three competition years, so it is important that the robot currently being designed be a strong 
contender for the 2015 competition as well as provide a platform for future design teams to 
optimize and improve. 

The current design team has received data from previous design teams in order to expedite 
the design process and eliminate poor design concepts. Research of previous competition 
winners yielded a better understanding of what concepts work and what to reject. The 
mechanical design team has collaborated closely with the Auburn Space Club to split up work 
tasks, garner expert advice on unfamiliar systems, and ensure interfacing different subsystems is 
as smooth as possible. 

This report will cover a design breakdown of the robotic subsystems, explanations on why 
different concepts were chosen or rejected, validation tests for critical subsystems, and a rough 
budget analysis for overall robot cost.  

2.0 Mission Objective 

The object of this project is to design the mechanical systems of an excavation robot capable 
of autonomously navigating and digging in a simulated Martian environment. The robot should 
be as lightweight as possible while also digging as much as possible. The robot should also 
include simple subsystems in order to achieve autonomy. 

3.0 Environment 

The NASA Robotics Competition has be designed to simulate a Martian or asteroid surface.  
The soil used to simulate the Martian surface is called Black Point 1 (BP-1).  The BP-1 will be 
on the top 30 cm of the surface. Gravel will be used to simulate icy regolith below the 30 cm of 
BP-1. This gravel may be mixed in with the BP-1 and is not necessarily just below 30 cm. The 
gravel will be a minimum of 2 cm in diameter with some larger particle sizes mixed into the 
gravel. 

The pit in which the robot will be placed will be 7.38 meters long and 3.88 meters wide and 1 
meter in depth. The arena will consist of two pits contained inside an air-conditioned tent without 
significant air currents and cooled to approximately 77 degrees Fahrenheit. Each pit will have 
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three zones designated Start (1.89 x 1.5m), Obstacle Area (3.78x 2.94m), and Mining Area (3.78 
x 2.94m). A collection bin will be placed at the Starting zone .5 m above the BP-1 surface. 
Figure 1 shows the whole arena as well as the three zones of each pit. 

Figure 1: Competition Pit Dimensions 

4.0 Project Management 

The mechanical design team is managed by Chris Oliver. Clark Williams is the lead designer 
for the digging subsystem. Elizabeth Swaim is leading the delivery subsystem and co-leading 
storage design. Sukrit Kumar is the lead for frame subsystem design and also a co-lead for the 
storage system. 

5.0 Requirements 

As the team came up with concepts for the design of the robot, the rules for the NASA 
Robotic Mining Competition as shown in Appendix A. The system must fit in a volume of 1.5 m 
(length) x 0.75 m (width) x 0.75 m (height). The robot may extend up to 1.5 m. The design must 
be able to deposit regolith at a height of .5 m into a collection bin in the start zone. The weight of 
the robot will be measured prior to the competition and it must be no more than 80 kg.  
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For the competition, the robot will be oriented in the start zone in a random direction. The 
robot must then be controlled from a remote location and traverse the obstacle zone. Once past 
the obstacle zone, the robot will move into the mining zone and then be able to dig into the BP-1. 
Excavation can only occur once the robot is in the mining zone.   

After digging, the robot will return to the start zone and deposit its excavated mass into the 
collection bin. Excavated mass is defined by:  

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).  

A minimum of 10 kg of BP-1 must be deposited in the collection bin in order for the run to 
qualify. Teams will get two, 10-minute runs during the competition. The average of the two runs 
together will determine the mining portion of the competition. In order to win the competition, 
the team must have the most points of any team coming from several point categories. The 
mining portion is just one category in the competition. These categories are outlined in the rules 
in Appendix A. 

 

6.0 Architectural Design 

The first step to the team’s architectural design was to perform trade studies on previous 
winners to the competition as well as analyzing the old robot to get a list of concepts to move 
forward with. 

 

6.1 Trade Studies 

Trade studies of the top three onsite mining winners from the past four years consisted of 
pulling the winners from NASA’s previous winners table and scouring the Internet for information 
on the robots. An Excel spreadsheet (found in Appendix D) was created that has fields for the main 
subsystems of each robot. The spreadsheet also contains notes describing interesting features or 
concerns as well as where the information was found. 

Analyses of the data concluded that wide footprint wheels were by far the most popular choice 
for movement, with all but two robots using wheels. Conveyor systems were the most popular for 
excavating regolith. A wide variety of different systems were used for depositing regolith into the 
bin. Important observations include ensuring the geometry of the digging and dumping systems 
are correct so regolith is not deposited incorrectly and to keep the lightweight theme with reliable 
composite materials. 

 

 
•  
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6.2 Concept Generation 
 

 After evaluating the success and methods of previous competition winners, as well as 
determining a preferred approach to getting points, several interchangeable subsystem concepts 
emerged as most practical. The first digging/delivery system considered was a conveyor system. 
This type of conveyor system was popular among previous competition winners, as 
demonstrated in the trade study (Appendix A), and had several advantages as either a digging 
device or a delivery system. It was simple to automate, being a basic on-off function, was 
compact, would not throw off the balance of the machine, and the conveyor speed could be 
easily adjusted to allow for rapid and efficient digging. Also, the extension system for the 
conveyor would be separate from the digging or delivery function so that the conveyor could be 
lifted and the robot free to travel in the event that the conveyor jammed. The drawbacks of this 
system were its weight, conveyors are notoriously heavy, the number of moving parts, and this 
systems inability to dig deeply into the regolith, making it unlikely that the miner would pick up 
the more valuable gravel under the regolith. Relevant only to delivery, the conveyor system also 
had the drawback of having a wide spread flow, having the tendency to waste regolith around the 
competition bin, and having a flow too wide to be easily directed into the bin. In figure 2 the 
conveyor lift system is operated by a linear actuator and motor attached to a crossbar on the 
conveyor frame and fastened to the robot frame with a pin joint, allowing for rotation of the 
actuator itself to accommodate the rising and falling motion of the conveyor. The conveyor itself 
will rotate over the two drums shown, driven by a motor mounted inside the frame and gear 
meshed with the upper drum. 

 

 

Figure 2: Conveyor 
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The second digging and delivery possibility was an auger. The auger would have a simple 
on-off control system, it was compact and would not upset the balance of the machine, and could 
move regolith quickly with little dust. The auger digger was also the only concept that could 
feasibly be designed to reach the gravel under the regolith and so gain extra points. However, 
research into the history of the use of augers in industry revealed that using an auger like a drill 
would require a large amount of torque and put very high stress on the auger itself, risking 
snapping. In addition, if the auger were to malfunction while extended into the regolith, the robot 
would be unable to move from its position to deliver what regolith was gained. As a delivery 
system, the auger was much more attractive. The narrow, circular mouth of the auger would 
eliminate the tendency to spill regolith over the robot itself as well as provide a greater range of 
positions from which the robot could deliver regolith, rather than having to maneuver into an 
exact position. Figure three demonstrates the design of the auger, a plastic screw inside a carbon 
fiber tube. It is driven by a motor mounted on the side of the casing and attached to the head of 
the auger by a chain. 

 

 

Figure 3: Auger [1] 

A final design, this one specifically for delivery, was developed in the form of a dumping 
bucket. The dumping bucket would be simple to operate, again an on-off function, and reduce 
the weight of the machine by eliminating the need for some form of separate delivery system, 
like another conveyor. The dumping bucket also would require a large amount of power to 
function, place a great amount of stress on whatever actuator was used to move it, and be slower 
than other options. This design would also share the conveyors lack of precision in delivery, 
wasting gravel over the sides and possibly over the robot itself in the act of dumping. The act of 
dumping also throws off the balance of the machine and past competitions have a shown this 
design to have a high rate of failure by tipping. This design used a linear, vertical actuator 
mounted to the frame on a pin joint to lift the bucket. Tipping was forced by keeping one end of 
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the bucket fixed to vertical frame elements by the upper corners. In order to actuate this the 
design the digging apparatus would either have to be attached solely to the bucket itself and 
lifted along with it, or to the frame and capable of moving clear of the bucket’s lifting track. 
Figure four demonstrates the basic structure of this design. 

  

 

Figure 4: Dumping Bucket 

Several interchangeable transportation methods were also considered for this robot. The 
first possibility was the use of continuous track with grips to ensure stability. This option was 
inviting for its increased stability and capacity to scale obstacles smoothly. However, continuous 
track is very heavy and Auburn teams who have used it in the past have found that it has a high 
risk of slipping off while running. In the figure below, the continuous track runs over five rollers. 
The two upper rollers would be sprockets fitting into corresponding chain links or gaps in the 
tread in order to prevent it from slipping off. One of these sprockets would also be geared to the 
motor and form the single driver of each tread. This would allow the use of two motors rather 
than four in the drive train, lowering the weight, but also causing the motors to become a single 
point vulnerability. The three lower rollers would be pinned to the frame at an angle with a rigid 
rod and a spring, forming independent suspension for each roller. This would permit the robot to 
essentially crawl over obstacles without a large degree of tipping or jarring. 
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Figure 5: Continuous Track 

 Simple wheels were also considered, valuable for their ease of manufacture, simplicity, 
and reasonable weight. This has been one of the most popular modes of transportation in 
previous competition and would involve the least extra labor from robot designers. However, 
wheels would still have considerable weight and the lack of suspension would lead to a high 
degree of shock to the robot as it crosses obstacles. This, in turn, would necessitate that the frame 
of the robot be hardier and therefore heavier. As shown below, the wheels would be of large 
diameter for stability and fitted with sharp tracks to prevent slipping. Each wheel would have its 
own motor and be mounted to a shaft directly connected to the frame. 

 

 

Figure 6: Simple Wheels 
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 The concept of reducing the surface area of a wheel into a series of padded legs, as 
depicted below, was put forward by the club team. This design had the advantages of reducing 
the weight of a full wheel while introducing mild suspension to the system. The structure of the 
wheel-leg system required careful design, placing high stress on each leg and creating the risk of 
sinking into and getting stuck in the regolith. In addition, this method of support has not been 
seen in any previous competition, making this a good candidate design for the innovation award. 
Each leg consists of two aluminum tubes, the lower telescoped into the upper. Inside these tubes 
is a simple suspension system, protected from dust by its position inside the legs, and on the end 
of each leg is a wrapped carbon fiber foot with paper honeycomb core. These feet will be 
attached to each wheg by being screwed into a threaded insert pressure fitted to the inside of 
each tube. 

 

 

Figure 7: Wheel-leg 

 The final transportation concept was chosen for its originality, low weight, and built in 
suspension. This was combined with an auger for delivery and a conveyor for digging, for 
further development. The delivery auger provided the advantage of a precisely directed flow and 
can be calculated to deliver regolith at the rate desired by altering the gearing and changing the 
torque applied to the spinning screw. However, the conveyor proved more advantageous than the 
auger for digging since the digging operation and lifting mechanism would be separate and not 
become a single point vulnerability. 
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Figure 8: Final Concept 

6.3 Testing/Prototypes 
 In order to determine the best concept, several tests were run and reviewed, including 
several tests performed by the previous design team. One such previously recorded test was 
conducted by the Summer team to determine the minimum angle required for regolith to slide 
down an incline plane. The second test performed by the previous team was used to determine 
the effectiveness of an auger for moving sand. Two more tests were conducted this semester, one 
to determine the effectiveness of the auger to move gravel, the other to test a possible solution to 
the problems discovered in the gravel test. 

6.3.1 Slip Test 

 Several concepts required the sides of the bucket to be angled in such a way that regolith 
would slide freely down into the mouth of the auger. The minimum angle necessary for free 
sliding was determined by the previous design team through a series of tests using sand. The two 
thousand and fourteen senior design team’s midterm report states as follows.  

“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/m3. 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 materials under consideration for the shoots. 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 
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placed in a linear fashion across the material (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 [9] is representative of the two test that were 
carried out. ”[1]  

Results from this test are listed in Table 1. The results of this tests indicated to the current team 
that, in order to avoid the use of a mechanism to move regolith from one end of the bucket to the 
other, the sides and bottom of the bucket should be at an angle of no less than 30° with the 
horizontal, angled into the delivery mechanism. The necessity of using these angles would play a 
large part in determining the maximum possible size of such a bucket. In addition, this test 
indicated that the inside walls of the bucket should be a smooth as possible to minimize friction 
resistance between the regolith and bucket. 

 

 

 

 

Figure 9: Slip Test Configuration [1] 

 

Table 1: Slip Test [1] 

Test Type   Material  
  Carbon 

Fiber  
(Smooth) 

Carbon 
Fiber  
(Rough)  

Plastic  Steel  Aluminum  

Damp  30  35  30  25  30  
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Static slip 
Angle  
(deg)  

Dry 25-30  35  30  25  30  

Dynamic 
Slip Angle  
(deg)  

Dry  20  30  25  25  25  

 

6.3.2 Auger Test 

The last design team also tested the viability of an auger as a delivery mechanism. “The 
auger was tested using wet sand to determine the general effectiveness of an auger at 
transporting particulate. 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. 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.”[1] An auger was chosen for the current robot based off of this test. It verified that the 
flow of regolith through an auger can be directed with accuracy and that an auger can be 
designed as an efficient delivery system. 

6.3.3 Gravel Test 
 

After the new rules were published indicating that gravel of an average two centimeters 
diameter would be placed under the regolith at the start of the competition, it was determined 
that regardless of whether collecting gravel was a goal or not some gravel would get mixed into 
the regolith over the course of the competition and the robot needed to be able to process it. 
Delivery concepts two and three both used an auger, which would be enclosed in a casing, 
meaning that an auger of the wrong size or shape would be unable to process large gravel. In 
order to determine whether an auger could be designed to accommodate the gravel and what 
steps would have to be taken to optimize such a design a simple test was performed. Basic 
garden gravel was loaded into last semester’s robot and run through in an attempt to determine 
how much gravel the auger could process over a period of time. However, the auger jammed 
immediately. Upon inspection it was discovered that the gravel would catch on the sharp angle of 
the circular opening from the bucket to the auger. Gravel was then inserted directly into the 
auger past his opening. Once inside the auger, gravel ran through smoothly and was deposited 
with the sand it was mixed with. The figure below shows a piece of gravel stuck in the sharp lip 
of the auger mouth. This test demonstrated that an auger would be appropriate for use in 
delivering regolith mixed with gravel, but further testing had to be done to determine the type of 
opening necessary to accommodate the entrance of gravel into the auger. It was found, based on 
this test that the currently built auger could be modified to serve the new robot in competition. 
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Figure 10: Gravel Test 

6.3.4 Follow-up Gravel Test 
 

With gravel getting caught between the auger screw and the bucket opening, a change to 
the opening was necessary to test. Parts of the previous year’s robot had to be reassembled in 
order to accomplish testing. The bucket was re-bolted back onto the old chassis and the auger 
screw was inserted back into its tube. It was noted that the auger assembly lacked the rigidity 
necessary for smooth operation. The testing setup can be seen below in Figure 11. 

Gravel Caught 
in lip of auger
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Figure 11: Follow-up Gravel Test 

A cut-to-form wooden ply board piece was used to replicate the angles of the new bucket 
design. A drill motor was then connected to the auger shaft to power the screw and preliminary 
testing was conducted. It was found that the gravel would get stuck at the auger-bucket junction 
and jam the auger. The test thus yielded mostly negative results. In order to iron out the 
construction flaws of the junction, a Dremel was used to remove the excess carbon fiber and 
epoxy resin. Care was taken so as to prevent the Dremel from roughing or piercing the tube. 

The auger was tested for a second time. This test yielded positive results, with the auger 
effectively pulling a sand and gravel mixture from the bucket. The jamming of the auger was 
attributed to the following factors: 

• Inadequate torque from the drill motor used for the experiments 
• Shifting of the auger of screw in the tube, which created gaps between the tube 

and screw edges in which gravel could get stuck 
• Broken links at the bottom of the auger tube, which allowed sand to leak from the 

tube 
• Tilting and bending of the connecting shaft attached to the drill motor 
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• Presence of excess epoxy at the auger-bucket junction 

In order to avoid further complications, the following design characteristics of the auger 
should be met: 

• The construction of the auger and tube must be a rigid assembly to prevent the 
shifting of the screw inside the tube 

• The motor employed to run the auger must be able to provide a large amount of 
torque to remove stuck gravel in the auger, should gravel become stuck 

• The auger-bucket junction must be smooth 
 

6.4 Leading Concept 

The conveyor-auger design with a basic ladder frame and angled bucket was chosen as the 
leading concept due to the following reasons. Conveyors have been used successfully by many 
teams.  Augers are efficient and a precise dumping mechanisms. The digging and dumping 
mechanisms are both on/off mechanisms for ease of automation. There are fewer concerns for 
the robot tipping over. In addition, the wheel-leg or ‘wheg’ design aims to win the ingenuity 
award, as it has not been used in the competition before. This design could also prove to be a 
better alternative to wheels on rocky terrain due to its ability to climb over obstacles. The angled 
sides of the bucket eliminate the need for a second heavy auger and the carbon fiber frame 
provides an extremely lightweight platform for auger, conveyor, and bucket. 

7.0 Subsystem Design 
 
Once the team’s leading concept was chosen, subsystems were divided among team members 

for development. 
 

7.1 Storage and Delivery 

Data collected through trade studies indicated that teams which used a dump trunk style 
delivery system encountered problems with the balance of the robot, often tipping it over. This 
approach, and the frequently seen conveyor delivery system also demonstrated a tendency to 
miss the competition bin or waste material onto the ground while in the process of aligning with 
the bin. In the interests of pursuing autonomous motion simplicity of actuation was prioritized, as 
was reduction of moving parts. The choice of an augur connected to an angled bin proved to fit 
the requirements most expediently. The auger required a simple on-off control mechanism, its 
circular mouth allowed more precise delivery of regolith, and it required minimal moving parts. 
Having a bucket with sides and bottom at angles of no less than thirty degrees to horizontal 
eliminated the need for some mechanism to move regolith from the front of the bucket to the 
mouth of the auger. The regolith collected would slide naturally to the lowest point of the bucket, 
the auger mouth. In order to gain as many points as possible on top of autonomy and low weight, 
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the size of this bucket was maximized as much as possible while still fitting within design 
parameters and the position requirements for the auger and conveyor. Volume calculations for 
the bucket can be found in appendix H, showing a maximum internal volume of 767 cubic inches 
and capable of holding 21.4 kg of regolith if filled to the brim. The dimensions of the bin were 
limited by the need to have a few inches of ground clearance and fit the entire robot into a length 
of less than 1.5 meters. Drawings and dimensions for the bin can be found in appendix H. 

 

Figure 12: Storage/Dumping Assembly 

This auger system consisted of a single long screw encased inside of a tube. As regolith fell 
into the mouth of this device the turning of the auger would draw it up and deposit it through the 
end nozzle into the delivery bin. The turning of the auger would be driven by an electric motor 
mounted to the outside of the auger casing, connected to a chain, which would drive a gear 
mounted to the axle of the auger screw. In order to accommodate larger gravel as well as sand, 
the auger was designed with a slightly larger, smoother opening to the bin than that of the 
previous auger, on which tests were conducted. This larger opening prevents gravel from 
catching on the rough lip of the opening. 

7.2 Frame 

The steel frame and wheel design of the previous team was recorded to have a weight of 
thirteen kilograms with its bike wheels attached.[2] Research into the typical weight of a 
mountain bike wheel suggested that these wheel contributed a rough estimate of four kilograms 
of the frame’s total mass. This means that the frame itself weighed approximately nine 
kilograms. In hopes of cutting down this weight a basic ladder style frame consisting of carbon 
fiber was proposed for this project. The final design of this carbon fiber frame was estimated to 
weigh less than half a kilogram based on the material properties defined by carbon fiber 
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production company VectorPly, a significant reduction from the weight of the steel frame. With 
such a large weight difference between steel and carbon fiber, it was decided to move forward 
with a carbon fiber frame. Carbon fiber is more difficult to machine or alter, but it is incredibly 
lightweight and the simplicity of the frame structure allows it to be made in one piece. As shown 
in the figure below, this frame consists of a single piece paper honeycomb cutout wrapped in a 
single layer of carbon fiber. Making the frame a single unit reduces stress concentration at the 
corners and simplifies the construction process. The frame was dimensioned to fit around the 
bucket, be long enough to provide a support platform for both the auger and the Conveyor, while 
remaining short enough to not exceed the 1.5 meter length limit of the robot. In addition, the 
corners were angled to provide a greater platform for the wheel driving motors and further 
strengthen the corners where stress might concentrate. This design was then validated using 
software developed by VectorPly which can be found in section 9, validation and verification. 

 

 

Figure 13: Frame 

 

 

7.3 Conveyor 
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A tilting conveyor system was changed over the previous retractable design for the digging of 
BP-1 regolith after in-depth research of previous competition winners and analyses of different 
digging systems. A legacy exists for the reliability and power of conveyors, as three of the past 
four on-site digging winners have used them. Conveyors are capable of digging large amounts of 
regolith in very short periods of time, leading to more runs during the ten minute time given for 
each attempt, more regolith being deposited, and therefore, more points toward winning the 
competition. 

In order to reduce the number of parts, the complexity of the system, and the weight, a tilting 
actuator system has been devised for deploying the conveyor for excavation and raising up when 
the robot must move. The tilting mechanism was chosen over the previous retractable design 
since it lessens the amount of moving parts, conserves space, and is easier to manufacture. A 
basic view of the conveyor system can be seen below in Figure 14 that reflects the geometry and 
how the conveyor will move. 

 

Figure 14: Conveyor System 

A three inch stroke actuator capable of lifting 200 pounds will be perfect for raising the conveyor 
enough so that it does not strike any obstacles while traversing across the course. The pivot point 
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of the system will be at the end of the bars that protrude from the bucket. The actuator will be 
mounted on both sides by brackets that allow angular rotation in one direction. Further details on 
the actuator can be found in the appendix. 

8.0 Interfaces 

The mechanical subsystems will all work together in order to move the robot as well and dig 
and deposit regolith. These subsystems will be controlled by the systems the electrical design 
team as well as the club team comes up with.  

The conveyor interfaces with three different subsystems, which include the chassis, bin, 
and electrical systems. Interfacing with the chassis is incredibly important since the chassis will 
be supporting most of the stress from the conveyor. With the chassis made of carbon fiber, the 
exact connection points between the chassis and conveyor must be known before the chassis is 
manufactured so epoxy can be injected at those points. 

 The conveyor interface with the bin is just as important since the conveyor’s pivot point 
is at that interface. Therefore, the bin requires additional support structures in order to handle the 
stress. Ensuring precise connections and a robust structure will lead to a reliably functioning 
pivot point and minimal stress at the bin connection points. The electrical interfaces should be 
fairly simplistic, consisting of wiring up the actuator and motor with the electrical box and 
arduino. 

 Additionally, the bin interface with the auger should be similarly reinforced and provides 
the limiting factor for the ground clearance of the robot. The lowest point of the auger has the 
lowest clearance on the robot and requires at least three to four inches to prevent it from catching 
in the sand as the robot moves. 

As stated previously with regards to the carbon fiber frame, epoxy injections are 
necessary at all connection and mounting points, of the whegs to the frame. A specialized 
gearbox-bearing hybrid is being used in conjunction with the motor to drive the whegs. The 
gearbox will attach with four mounting points to the frame and will also serve to hold the motor 
in place. A keyed shaft will extend directly from the gearbox into the center of the whegs, which 
will have a matching keyed hole. Two keyed cylinders with set screws on either side of the wheg 
hub will hold the wheg in place so it does not slip from the shaft end. 

The relationship of the wheel “foot” to the rest of the wheel is a critical interface. The 
load of the robot will be rested entirely on the feet of the robot. The foot must be securely 
fastened to the spokes on the wheg. 
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Figure 15: Wheg Interface 

Figure 15 shows how the carbon fiber foot will be attached to the wheg’s spoke. An 
insert with a threaded hole in the middle (pictured left) will be pressed into the spoke tube. A 
hole will then be drilled through the, epoxy filled, carbon fiber. The bolt will be threaded through 
the foot into the threaded insert with a washer placed on the bolt. The washer will be inserted to 
ensure the bolt does not damage the carbon fiber. 

 

Figure 16: Bin to Frame Interface 

 The bin/frame connection is important because it provides support for the middle of the 
frame as well as holds the bin in place. Brackets will be constructed to fit the thickness of the 
frame and bolted through. Holes will also go through the angled portion of the bin to attach the 
bin to the brackets. 

9.0 Concept of Operations 

The very simplified goal of the robotic miner is to dig regolith. The electrical design team is 
in charge of designing the computing nerve center of the robot, which will run all systems 
autonomously, distribute power, and navigate the terrain. The robot will move around on wheel-
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legs, each of which will be direct driven by motors. Once it reaches the mining area, the 
conveyor will lower using an actuator mechanism and commence digging using the conveyor 
belt system driven by another motor. The regolith will be deposited into a sloped bin that siphons 
into an auger. When the bin is full, the robot will return to NASA’s collector receptacle and 
position the auger opening over the receptacle. When positioned, the auger will activate and the 
screw inside the auger will be driven by another motor attached to the outside of the auger. The 
auger will continue running until the robot’s bin is empty, after which the robot will proceed 
with another regolith gathering run. 

10.0 Validation/Verification 
 

All the subsystems will be independently verified to determine whether they meet the team’s 
engineering requirements. This will be done before the systems are implemented into the 
working prototype. Each team member leading each subsystem will bring verification to the 
team manager before it will be implemented to be sure the subsystems meet the team’s 
requirements. 

10.1.  Conveyor 
 

In order to ensure that the conveyor design outlined in section 7.3 functions without 
unforeseen failures, parts were ordered so that a prototype could be built. The prototype was 
designed to ensure that the frame geometry meshes successfully with all moving parts and that 
the concepts with the timing belt/timing pulley/conveyor belt are sound and can dig regolith 
without failing. The prototype will be driven by a motor scavenged from the old robot. Once 
motors are selected for the new robot, these motors will be exchanged. 

 Testing of the conveyor prototype will be a basic test consisting of rigidly mounting the 
conveyor frame to a cart that can be pushed as the conveyor digs. The previous team’s scoop 
design, shown below in Figure 17 will also be validated and changed if not optimal. 
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Figure 17: Scoop Design Testing 

The full sized conveyor will be built using identical concepts and material from the 
prototype should the prototype accomplish the following testing criteria: 

• Five minutes of continuous digging without failure 
• Thirteen kilos or more of regolith dug in one minute 
• Minor wear on conveyor components during testing 

The optimal digging depth into the regolith will also be determined during testing so that 
the actuator can be programmed correctly by the electrical and computer design teams. 

10.2. Frame 
 

 A program called VectorLam, developed by the company VectorPly and used in industry 
to compare the strengths of carbon fiber structural designs, was used in order to evaluate the 
strength of the carbon fiber frame. This analysis was done for a worst case scenario, using a 
beam structure. The honeycomb core of the frame adds a small amount of stiffness, but the key 
to the structural strength is the distance between carbon fiber layers. The honeycomb was used as 
a core to form a mold for the non-traditional shape of the frame and allow it to be constructed in 
one piece. VectorLam[3] indicated the material stiffness and strength for a single carbon fiber 
layer wrapped around a paper honeycomb core, shown in figures 18 and 19 below.  
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Figure 18: Shear properties 

 

Figure 19: Bending properties 
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 Based on these material properties the program was used to run a beam analysis verifying 
that design loads would not exceed material ultimate strength and bending moments. This 
analysis was conducted based on the unsupported lengths of the robot’s frame elements, using 
the reaction forces of the wheels as simple supports. The image below demonstrates the position 
and value of forces on each beam.  

 

 

Figure 20: Force Placement on Frame 

The beam analysis report, found in appendix E, showed factors of safety for both bending and 
shear given in table 2 below.  

 

Table 2: Results of VectorPly Beam Analysis 

Type 
23" Beam 
(in*lb) 8" Beam (in*lb) 

Max Moment 277.5 123.8 

Factor of Safety for Max bending 
moment 14.5 32.5 

Factor of Safety for Web Shear 49 76.9 
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Given that this worst-case-scenario analysis proved successful, the carbon fiber frame design for 
this robot will be more than adequate. 

10.0 Technical Resource Budget Tracking 

Weight is a high priority in the design of the robot as adding 1 kg of weight loses 8 points in 
the mining category. Also, cost should be minimized since this project has limited budget. 

10.1 Weight 

This robot was estimated to weigh approximately 25 kg without the addition of the 
electronic components which have not yet been define. The club team has set an upper limit 
weight of eight kilograms for the four innovative whegs being designed. The previous senior 
design team recorded the weight of the auger in their report, which will be used for the current 
design. [2] The following table was developed to indicate an estimated spread of weight. 
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Table 3: Weight Breakdown 

Subsystem Item Mass Quantity 

Total 
Mass 
(kg) 

Wheels Motor 0.9781 lbs  4 0.44 

  

Wheel-leg   4 8.00 
Carbon Foot   24   
  Subsystem Total 8.44 

Chassis Carbon sheet 
17.37 oz/sq. 
yd / 0.20 

  
honeycomb 

27.1 oz/sq. 
yd / 0.12 

  Subsystem Total 0.32 
Electrical Battery   1   

  
Electronics   1   
  Subsystem Total 0.00 

Storage and 
Delivery Auger and Bucket 8.02 kg 1 8.02 

  
Motor 0.9781 lbs  1 0.44 
  Subsystem Total 8.46 

Conveyor Steel Bearing for Roller 0.105 lbs 4 0.19 

  

Long Aluminum Tubing 
Supports 0.408 lbs 2 0.37 
Short Aluminum Tubing 
Supports 0.239 lbs 2 0.48 
ABS Plastic Scoops 0.25 lbs 12 1.36 
Aluminum Roller Supports 1.22 lbs 4 2.21 
Conveyor Belt 0.84 lbs 4 1.52 
Timing Belt Pulley 0.83 lbs 1 0.38 
Fasteners 1 lbs  1 0.45 
Motor 0.9781 lbs  1 0.44 
PVC Roller Tubes 0.291 lbs 2 0.26 
  Subsystem Total 7.67 

  Total Mass (kg) 24.90 
  

Estimates for the mass of the frame were calculated using the Vectorlam software and 
can be found recorded in appendix G. All other masses are manufacturers’ values. 
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10.2 Cost 

A rough cost estimate had been developed for the major expenses of each system. This 
estimate is incomplete, but does include a high view assessment of currently selected system 
components. 

 

Table 4: Cost Overview 

Chassis/Auger/Bin 
Matl QTY $ per total $ 
Carbon Fiber (Bin and Chassis) 1 donated free 
Paper Honeycomb 1 donated free 
Auger 1 existing free 
Motor 1 52.99 52.99 

 Subsystem Total 52.99 
Wheels 

Matl QTY $ per total $ 
4" ODx1.5" thick Aluminum Hub 4 20 80 
.75"x4" Aluminum Tube 20 2 40 
1"x4" Aluminum Tube 20 2.2 44 
Motor 4 52.99 211.96 
Feet 24 donated free 
 Subsystem Total 375.96 

Conveyor 
Matl QTY $ per total $ 
Conveyor Belt 4 22.18 88.72 
1" x 1" x 2' Aluminum Tubing 5 12.01 60.05 
Steel Bearing 4 8.69 34.76 
ABS Plastic Sheeting 2 14.43 28.86 
Aluminum Rod, 1' x 4" 1 86.02 86.02 
Aluminum Hex Bar, 1' 1 5.54 5.54 
Alligator Belt Lacing 1 28.05 28.05 
Timing Belt 1 44.2 44.20 
Timing Belt Pulley 1 45.95 45.95 
Bolts for Frame 1-1/2" long 1 10.98 10.98 
Bolts for Frame 2-1/4" long 1 7.58 7.58 
Hex Nuts for Bolts 1 2.97 2.97 
Motor 1 52.99 52.99 

 Subsystem Total 496.67 
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Electronics 
Matl QTY $ per total $ 
Battery 2     
NI myRio Enclosed Device 1 500 500 
Box elctronics 1     
 Su+bsystem Total 500 

 Total 1425.62  
 

11.0 Risk Management 
Risks and potential failures for the chosen design were tabulated in the following table, with 

emphasis on planned corrective action. Further evaluation is necessary for most of these issues 
and will be detailed in the final design report. Many of these corrective actions will take the form 
of testing and design validation after the prototype is constructed. The damage that might be 
caused by the failure is listed from zero (no damage), to five (catastrophic failure). 
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Table 5: Risk Management 

Risk Failure 
Type 

Risk level Probability Corrective Action 

Auger 
Failure 

Technical Loss of delivery (4) Mod Prototype testing 

Conveyor 
Lift Failure 

Technical In raised position: 
Loss of digging (3) 
In lowered position: 
Loss of mobility and 
digging (4) 

Mod Prototype testing for 
durability and power 

Conveyor 
Belt Slip 

Technical Loss of digging (3) Low Test conveyor prototype to 
evaluate need for guides. 
Develop dust control method 

Conveyor 
Belt Drive 
Failure 

Technical Loss of digging (3) Mod Prototype testing. Examine 
before each run to determine 
functionality 

Structural 
Wheel 
Failure 

Technical Loss of mobility (4) Mod Wheel prototype has been 
constructed and will be tested 
under to stress to determine 
structural strength 

Loss of 
Comm 

Technical Loss of control, 
Temporary (1) 
Permanent (3) 

 Ensure reboot and reconnect 
capability 

Electrical 
Short 

Safety/ 
Technical 

Loss of Control/Fire 
(5) 

Low Regular check of emergence 
shut off switch 

Loss of 
balance 

Technical Loss of mobility (4) Low Verify that prototype center 
of gravity is low and between 
the wheels 

Foreign 
Material 
invasion 

Technical Loss of mechanical 
function (4) 

Low Design covers for gears and 
develop dust control method 

Camera 
Malfunction 

Technical Loss of Autonomy 
(1) 

Mod Introduce system redundancy 

Dust on 
Camera 

Technical Loss of 
Visibility/Autonomy 
(1) 

High Dust control method is in 
development by the electrical 
team 

 
12.0 Conclusions 

Although no complete prototype has been built yet, the auger has been independently tested 
with satisfactory results. The wheel-leg will be tested and optimized to reduce weight. Carbon 
fiber components will be manufactured and tested under the supervision of the Polymer and 
Fiber Engineering Department.  
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A preliminary design has been developed. Subsystem design will be optimized and tested. 
The major concerns at the moment are the weight and automation. A solution to these issues will 
be developed through prototyping. 

Prototyping is underway by the Electrical design team in order to develop autonomous 
navigation and location tracking, and by the mechanical team to optimize the function of the 
conveyor belt. Mechanical subsystems will continue to be developed with autonomous operation 
in mind. 

The design will be optimized and fabrication will commence once the results are deemed 
satisfactory. Although the major subsystem break-down and subsystem design is likely to remain 
unchanged, changes to the system architecture and arrangement may be needed to meet the 
competition criteria.  
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Appendix A: 2015 NASA Competition Rules 
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Appendix B: Vee Chart 
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Appendix C: Trade Study Spreadsheet 
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Appendix D: NASA Lunabot Scoring MATLAB Code (Updated) 
Matlab code from the previous semester has been updated with sections for scoring gravel, a new 
option in this year’s competition with twice the point value of regolith. 

%%NASA LUNABOT SCORING  
%Matthew Jones, David Faucet, Stewart Boyd, Will Flournoy 
%Spring 2014 
  
%Updated For 2015 Competition by Clark Williams, Fall 2014 
  
%This file is intended to estimate the amount of points received per "NASA's 
Fifth Annual Robotic Mining Competition Rules and 
%Rubrics 2015." 
  
clc 
clear all 
  
%% Inputs 
SafeandCommCheck=input('Pass safety and comm check? (yes=1 n=0) '); 
KG=input('Amount of BP1 dug (kg) '); 
KG2=input('Amount of gravel 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, excavate, and deposit=2  Cross, excavate, and deposit 
twice=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 Safety 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 
        pointspergravel=6; %points per kg gravel dug 
        DigPoints=pointsperkg*(KG-initial)+pointspergravel*(KG2); 
     
        %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 
     
        %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 
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            autopoints=50; 
        elseif autoindex == 2 %Cross field, excavate, and return 
            autopoints=150; 
        elseif autoindex == 3 %Cross field, excavate, and return twice 
            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+dustpoin
ts+autopoints 
   
    end 
end 
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Appendix E: VectorPly Analysis[3] 

Laminates were defined with a top layer of carbon fiber, a center core of paper 
honeycomb, and a bottom layer of carbon fiber. Material properties are shown below. 

Laminate 90/+-45 weft triaxial quadraxial 0/90 
biaxial 

0 warp 
unidirectional 

  

Thickness 1.048 1.049 1.051 1.048 in. 

Mf  65.98 %  65.98 %  65.98 %  65.98 % by Wt. 

Density 6.3 6.5 6.6 6.4 lb/cu.ft 

Fiber Wt. 0.24 0.25 0.26 0.24 lb/sq.ft 

Resin Wt. 0.12 0.13 0.13 0.12 lb/sq.ft 

Laminate Wt. 0.55 0.57 0.58 0.55 lb/sq.ft 

Vf  54.24 %  54.24 %  54.24 %  54.24 % by Vol. 

0º Modulus, Ex 0.13 0.31 0.45 0.77 MSI 

90º Modulus, Ey 0.31 0.31 0.45 0.08 MSI 

Poisson Ratio, PRxy 0.31 0.29 0.03 0.31   

Shear Modulus, Gxy 0.14 0.11 0.03 0.03 MSI 

0º Ten. Ult. Stress 1.3 3.7 5.0 9.2 KSI 

0º Comp. Ult. Stress 1.3 2.4 3.5 5.9 KSI 

90º Ten. Ult. Stress 2.9 3.7 5.0 3683.0 KSI 

90º Comp. Ult Stress 2.7 2.4 3.5 3683.0 KSI 

Shear Ult. Stress 2.4 1.7 0.5 2506.2 KSI 

0º Flex. Ult. Stress 3.3 6.1 8.7 15.8 KSI 

90º Flex. Ult. Stress 7.8 6.1 8.7 8493.0 KSI 

 

The beam analysis performed was based on the above material properties for a triaxial weave 
and the dimensions of the proposed frame. This analysis is shown in full below. 
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Load, Span & End 
Conditions 

   

Beam Unsupported Length 
: 

                             
8.3  

                           
23.6  

in. 

End Conditions :  Simple   Simple   

Type of Beam :  Box Beam   Box Beam   

Type of Load :  Point Load   Distributed Load   

Point Load :                            
60.0  

  lbf 

Point Load Location from 
end with most fixity: 

                             
4.1  

  in. 

Distributed Load :                                
4.0  

lb/in 

Beam Geometery    

Beam Height, h :                            
1.00  

                           
1.00  

in. 

Cap Width, b :                            
2.50  

                           
2.50  

in. 

Laminates    

Top Cap Laminate triaxial Carbon 
fiber layer 

triaxial Carbon 
fiber layer 

 

= Thickness of 0.024  0.024  in. 

    

Web Laminate (per web) triaxial Carbon 
fiber layer 

triaxial Carbon 
fiber layer 

 

x multiplier                            
2.00  

                           
2.00  

in. 

= Total Web Thickness of 0.048  0.048   
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Bottom Cap Laminate  triaxial Carbon 
fiber layer 

triaxial Carbon 
fiber layer 

 

= Thickness of 0.024  0.024  in. 

    

Weight    

Top Cap                            
0.04  

                           
0.04  

lb/ft 

Web                            
0.03  

                           
0.03  

lb/ft 

Bottom Cap                            
0.04  

                           
0.04  

lb/ft 

Per Length                            
0.11  

                           
0.11  

lb/ft 

    

Deflection 0.01 0.20 in. 

= Span /                              
944  

                            
118  

> 100 

Bending Stiffness, EI =                         
80,320  

                        
80,320  

lb-sq.in 

Bending Moments    

Total Design Load                            
60.0  

                           
94.2  

lbf 

Moment at ends for 
distributed load 

                              
-   

                              
-   

in-lb 

Moment at mid-span for 
distributed load 

                              
-   

                         
277.5  

in-lb 

Max moment at ends for 
point load 

                              
-   

                              
-   

in-lb 
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Moment at point load                          
123.8  

                              
-   

in-lb 

Max Moment at Ends                               
-   

                              
-   

in-lb 

Mom. at Mid-span of 
Distributed Load or Point 
Load 

                         
123.8  

                         
277.5  

in-lb 

Max Shear                            
30.0  

                           
47.1  

lbf 

Safety Factors    

Moment @ Ends  n/a   n/a  >= 3.33 

Moment @ Middle of 
Distributed Load 

 n/a                                   
14.5  

>= 3.33 

Moment @ Point Load                                  
32.5  

 n/a  >= 3.33 

Web Shear                                  
76.9  

                                 
49.0  

>= 4.0 
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Appendix F: Conveyor Actuator Specifications 

 

Firgelli Light Duty Rod Actuators 
Model FA-240-S-12-XX 
Dynamic Force 200 lb 
Static Force 400 lb 
Speed ("/s) 0.3 
Duty Cycle 20% 
IP Rating 54 
Input 12 VDC 
Max Draw 5.0 A 
Operation 
Temperature 

-26°C/65°C (-
15°F/150°) 

Stroke 3" 
Retracted Length 7.5" 
Extended Length 10.5" 
Weight 2.15 lb 
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Appendix G: Frame Dimensions and Mass 
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Appendix H: Bin Dimensions and Volume 
 

 

 The mass of regolith which the bin is capable of holding was calculated based on the 
densities of lunar regolith given in a NASA lunar regolith study. [4] 
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