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Abstract
NASA's Lunabotics competition is held annually with participants worldwide competing for
both the winning position which offers scholarship money, as well as possible retainability by NASA to
further robot design and implement the ideas exhibited throughout the course of the competition. We
were to design a robot capable of traversing an obstacle course to reach a specified location in order to
mine moon “material,” reaching a minimum of 10 kilograms of mined material within 10 minutes. Other
rules and regulations applied such as size and weight limitations to the robot. Additional features may
have included being able to operate completely autonomously, with a low energy-consumption operation
that allows the robot to operate for extended amounts of time. The robot also needed to operate at
certain bandwidths in order to reduce the possibility of radio-interference between other sensitive
electronics and communication devices that would be present should an excavation expedition ever
make it to the moon. Dust-free operation and structural integrity both served as important qualifications
for robot design in order to improve the overall functionality of the robot.
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Introduction
Problem Statement
The purpose of this project was to build a robot worthy of NASA’s Lunabotics competition
which consists of excavating regolith or, rather, simulant known as Black-Point 1 (BP-1) and then
transport the excavated material to a collection bin. The robot was encouraged to be fully autonomous or
semi-autonomous and traverse through terrain similar to that found on the moon such as craters and
large rocks which would hinder the robot’s journey.

Motivation
The nature of this project was to design and build a robot that met NASA's Lunabotics
competition criteria in order to test our capabilities in robot building, to improve the standing of our
ABET accredited engineering programs at FIU, and to further our own understandings and expertise
within the field of robotics and the encompassing mechanical engineering spectrum.

Literature Survey
The NASA Lunabotics Mining Competition seeks to promote interest in space and STEM
(science, technology, engineering, and mathematics). The objective was to build a robotic excavator to
navigate an obstacle course to a designated area, collect an amount of moon dirt simulant called regolith
and carry it back to a collection bin. The purpose was to simulate the conditions of moon excavation and
exploration while operating semi- or fully autonomous. Using research done on space robots and fully
autonomous robots and companies that specialize in mining such as Caterpillar and Rio Tinto, the
attempted build operated under such conditions.
Surface Mining
Defined by the Society for Mining, Metallurgy, and Exploration as “the initial exploitation of a
deposit involved rudimentary scratching at outcrops and picking up pieces of ore from the surface.” [5] In
other words, it is used to clear away the surface of an area in order to prep and area for mining out a
covered resource. In this case, the machine used for surface mining must have an ability to navigate
7

throughout unknown terrain in order to clear away the surface; with this in mind, a part of our focus is to
develop a substantial means of locomotion.
Mining is an important industry as various materials such as aluminum, copper, gold, iron, silica,
and sodium carbonate, just to name a few [7]. Without such materials, items such as computer chips and
glass would be near impossible to manufacture. Even further, high rise buildings would be incredibly
hard to build. With that said, mining has its place, even looking further and beyond to the moon. The
moon may have material which may not be discovered or found purpose here, but the limit is
continuously being pushed.
Autonomy
Autonomy is explained as a “system capable of operating in the real-world environment without
any form of external control for extent periods of time” by George A. Bekey [2]. Full autonomy was
sought after because of the fact that in space there is very little room for error in communication. So if the
Lunabot could achieve a set task automatically, it would cut down on the components needed for remote
control. If there was a break in communication, a task may still be accomplished without assistance from
an outside source. If autonomy was achieved then the Lunabot may be viewed as a robot, defined as a
machine that senses, thinks, and acts. When dealing with autonomy there are also set rules that must be
dealt with in order to keep high-level control which is defined by Asimov’s laws:
1.

A robot should never harm a human being.

2. A robot should obey a human being, unless this contradicts the first law.
3. A robot should not harm another robot, unless this contradicts the first or second law.

To insure the safety of all personnel operating the Lunabot, a kill switch was
installed into the design as well. Microcontrollers were used as the source for
controlling motors and sensors. Arduino is an open-source prototyping
platform used by designers and hobbyist with a lot of help on programming.
Figure 1: Arduino Duo
board
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BASIC stamp is a very user-friendly interface and debugging method.
Frame and Locomotion
When designing a frame, NASA usually has specific dimensions set in place to fit into a space on
the rocket for travel. The smaller and lighter the weight, the better and easier for travel.

The

competitions rules limit a four person team to a maximum mass of 92 kg, while for a three person team
the maximum mass of 69 kg. With this limitation in mind, the build needed to fit more components
within a confined space. The slight trade-off, though, is that in turn, the weight is reduced. The frames
built by FIU in past years have done well in regards to weight upon talking with the previous designers.
After such discussions and circumstances, the conclusion was to use a frame offered by the previous
2012-2013 Lunabotics team.
Locomotion was either made up of tracks, which do very well on sand and hazardous road
conditions; and wheels, which are used primarily because they are specialized to grip and maneuver
through dirt, sand, or grass and hold no air to cope with the conditions of space (airless tires).
Regolith Collection
The collection bin was positioned at the center of the Lunabot which prevented the motors from
having to compensate for a shift in center of gravity. This would work well in competition and has been
employed by numerous previous teams.
Previous designs have tried to acquire regolith by means of shoveling such
as that seen in most mining applications. The flaw in this design is that the
acceleration of gravity is different than that of the moon. On the moon you
are working with an acceleration of 1.622 m/s^2 as opposed to 9.81 m/s^2 on
Figure 2: Collection bin idea

Earth. When coupled with the light weight and power needed to push the

shovel, the robot will often be entrenched in the dirt rendering it useless. Designated motors for the
collection method while the Lunabot remains stationary would be an ideal strategy and much more
efficient given the conditions prescribed.
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Conceptual Design
Design 1
A load bin would be positioned on actuators which rise and drop as well as tilt once at a certain
height to drop the load using a gear mechanism. Tracks would be used to guide the Lunabot through the
dirt and rocky terrain. The rising and lowering of the bin would improve the trek by being able to avoid
larger obstacles at variable heights. Once the Lunabot would reach the mining site, the bin would lower
to the floor opening a front panel as well as lower an attached rotary shoveling mechanism and scoop in
regolith. Once the bin would fill sufficiently, actuators would raise the bin to traveling position and
travel to dump site and dump load.

Figure 3: Design 1 conceptual idea

Design 2
This design had a wheeled base locomotion using two conveyor belts with attached shovel. The
drop and dig mechanism and motors that tilt the load bin force the regolith back onto rear conveyor belt.
Additional motors would tilt both conveyor belts in order to travel through course once the collection
bin is full. At the dumping location, the rear conveyor belt would deposit the regolith collected.
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Figure 4: Laurentian University's 2011-2012 Lunabot

Design 3
Focused on being light and mobile, the Lunabot would keep all components simple and light.
Most of the resources would be placed on powerful motors and large wheels capable of overcoming
uneven terrain. At the dig site, a shovel positioned opposite to the direction of traveled would drop
down. The Lunabot would travel in reverse in order to collect regolith thus reducing the chance of
friction overcoming the light weight. Once regolith is collected, a shovel would be raised and dumped
into the collection bin on top of the Lunabot.
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Figure 5: Design 3 loosely based on the University of North Florida 2011-2012 Lunabot

Design 4
The design in mind utilized caterpillar tracks in order to provide optimal contact with the lunar
soil simulant, BP-1, providing the stability and grip needed to traverse the obstacle course area effectively.
This reduced possibly flipping over or becoming trapped in the BP-1 material.
The tracks and the motors driving them would have reversible rotary directions and the software would
be coded accordingly in order to provide the Lunabot with turning capability akin to other track-driven
vehicles such as tanks and construction vehicles. Tracked wheels are implemented in the design of the
Lunabot because of traction needed due to the surface terrain faced during competition. The type of
terrain is that similar to flour, in that it is mostly fine and compacted. Tracked wheels give the advantage
of providing continuous traction and stability. Mobility is key yet not necessarily nimble mobility.
Stability is of much more priority than quickness which may cause the Lunabot to turn over, as seen from
previous competitors. Also the wheels will turn due to them being connected through the use of a
sprocket and chain. The sprocket will be fixed and not freewheeling; that is, as the wheels are moving the
sprocket and chain will always be moving at the same speed.
12

In the front of the Lunabot, a rotary auger dredge would be placed in order to dig into the BP-1
and propel the material inwards and into a collection bin. The auger design was based primarily on those
of auger dredges. It is comprised of two augers in opposite directions that push dirt towards a center
point at which the soil is picked up by a vacuum. The two augers converge towards a center point, but
not in such a way that the two create a sharp, acute angle but instead create a type of horizontal flap that
“catches” the dirt.
The means by which the regolith would be transported into the collection bin was that of a
vacuum. The pump of a vacuum cleaner would work much like how it does normally; it will draw the
sifted soil, due to the auger, into the bin. The auger itself would be raised during the robots transitory
stage, and lowered when needed to engage with the BP-1.
The collection bin would be designed similar to those in construction or waste management,
with the capability of being lowered during the mining process and raised during transportation in order
to provide ground clearance while traversing the obstacle course. Finally, the collection bin would be
raised when the robot has reached the dumping station, lifting the bin and depositing the collected BP-1
into the competition bins. The bin would be tilted via a mechanism as opposed to an individually
regulated motor to cut back on power consumption and weight. This is because the mechanism would
function only to tilt the bin in order to deliver the payload into the reception bins. The collector bin itself
will be lifted in order to have clearance for the competition bins. Linear actuators will be on the sides of
the collector bin, lifting it vertically straight. On the rear will be hooks that are guided by vertically
straight bars. These hooks will catch at the end of the bar thus causing the collector bin to pivot and
dump the soil. The actuators will then descend and cause the collector bin to return to its normal
position. A visual of this can be seen in Figure 6 and 7.
This design focused on the concepts of keeping the robot at a low center of gravity in order to
provide operational stability, as well as keep the overall weight of the robot light in order to both reduce
energy consumption, allow ease of handling, and possible transportation to the moon itself. The issue of
bandwidth was relatively low when compared to how much dust would be generated during operation
13

as well as make the Lunabot itself dust-free and having longer operational life without a possible need for
maintenance. Seals were considered to reduce the contamination of components with BP-1 as well as
other mechanical modifications to improve structural integrity and reduce unnecessary stresses; ball
bearings and the like would be used on an as needed basis.
To develop a fully autonomous machine a number of sensors, microchips and microcontrollers
would be used in order to detect distances, depth perceptions, actuator control as well as power usage
and output depending on situation. The ideal microcontroller for running the Lunabot may be an
Arduino board or BASIC stamp board due to its simplicity and open source coding. This would help the
programming stage go smoother.

Figure 6: Proposed design
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Figure 7: Side view

Figure 8: Top view
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Design 5
Since the time the design 4 was proposed, changes were made, mostly due to advice from the IAB
as well as considering realistic application. These changes were reflected in the frame of the Lunabot, the
application of the auger, and the method by which regolith will be emptied.
Regarding the frame of the Lunabot, it was changed to work in two stages: driving and
collection. In doing so, the frame reflected this as well with the frame consisting of an outer and inner
frame. The outer frame would hold the wheels and act as a main body; a foundation for the Lunabot to
work from. The inner frame works inside of the outer, rotating at a pivot. This inner frame pivots
downward and upward with the point of rotation near the rear of the robot. The inner frame houses the
auger as well as the bin. As stated briefly, the system would work in stages. While driving and travelling,
the Lunabot’s inner frame would be raised by actuators, enough to clear any rocks waiting underneath.
When the Lunabot would arrive at the mining location, the inner frame rotates downward.
Simultaneously the auger would engage, digging and penetrating into the regolith. Once the inner frame
would reach its limit below the surface, the Lunabot would travel forward. Once the Lunabot had
collected its share of regolith, it would raise the inner frame by the actuators and returns to the
competition bins (driving backwards – this is key as explained later).
A very key feature that was removed from the other designs was the vacuum. As described, a
vacuum was to be placed towards the bottom behind the auger in order to pick up the collected dirt. It
was concluded by determining how the dirt would be transported from collection to holding. The
Lunabot would need a means of doing so and was concluded that a vacuum attachment would achieve
what was needed. The vacuum would need to be particularly powerful in order to keep up with the
demand of the soil being collected. But considering the future applications of the design, the idea of using
a vacuum in a vacuum (space) would be inconceivable. The way a vacuum cleaner works would not be
able to do so in a minimal atmospheric environment, such as the moon. Because of this oversight, the final
design of the Lunabot was changed accordingly. Essentially the vacuum portion has been nixed.
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The auger had also been modified slightly. Previously the design called for a solid auger dredge
similar to those found on old snow thrower accessories for tractors. The proposed design would have
used one of those (although very heavy) or would have fabricated its own. These two considerations
helped motivate the altering of the auger to that of a modern snow blower. This design would seem to be
able to pick up more regolith without having to drive the snow blower too hard (as some snow blowers
can reach up to 2500 rpm).
As for the method by which regolith will be deposited, this has been changed from the raising
bin, similar to that of a dump truck. This change was made due to the consideration of the amount of
regolith collected, the strength of the bin, as well as the amount of force the actuators raising the bin
could generate (while considering cost). So instead of raising the bin and dumping all of the collected
regolith, the deposition of material will be done by a conveyor-type mechanism. The conveyor-belt will
extend over the edge of the bin, high and long enough to extend over the competition bins once the
Lunabot reaches the edge. This conveyor-belt sits inside of the collection bin in the inner frame. As
mentioned, the auger and collection bin are basically always along the same plane, rotating in the inner
frame. This change would also alleviate any excessive stresses on the actuators that would have been
raising the bin should the design have proceeded as previously conceived. One other advantage is that
system is durable so long as the driving system for the conveyor-belt is somewhat decent. Even crude
parts should be able to stand up to the environment. This would help to reduce the cost of the overall
build.
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Figure 9: New Proposed Design

Figure 10: Side view (new)
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Figure 11: Side-rear view

Final Design
The second design is based mainly on winning design for the 2012 Lunabotics Mining
Competition. The focus was mostly on acquiring regolith at a rapid pace as well as dumping it at an
equally quick pace. The design had too many motors which would possibly increase the chance of a
malfunction. Another reason this design was not chosen was because of the weight limitations. The
design with all its components and motors would yield a hefty Lunabot. The third design was more
focused on low cost and lighter weight. But on the other hand, because of the light weight, the Lunabot
would not be able to retrieve a sufficient amount of regolith each run. Because of this, more runs to and
from the dump site would increase the chances of malfunction. With the help of pivoting linkages, the
amount of motors needed is reduced while still providing the functionality needed to accomplish the
tasks. From this it was concluded that the final design be based off design 5 but with slight
modifications, one being that the new frame be modelled after the salvaged frame.
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A frame which had already been built previously would be repurposed. Because of this, the
drawings and design had to be slightly modified but the overall functioning components of the project
remained the same. Fortunately, the newly acquired frame had roughly the same geometry compared to
what was sought after; a triangle based frame with the center offset towards the back.
Although the circumstances could not have been foreseen, what could be done needed to be done
with what was received. The frame may not have been the ideal choice, with the heavier aluminum and
slightly thinner and taller footprint, but as engineers, working with what is given is imperative and it
also provided an opportunity for us to showcase the adaptability of acquired learnings throughout the
undergraduate career. Modifications to the proposed design were necessary, but do not limit the design
by any means.
In the following figures is the redesigned Lunabot model. One can note that the frame itself,
while a far departure from previous iterations of our project, still retains the track-driven mobility
implementation, as well as the rear-centered 3rd auxiliary wheel to hold tension in the tracks. This wheel
had been included in the design model but by no means was guaranteed to make it onto the finalized
product considering it can be simply replaced with a rod or bearing assembly to keep tension within the
tracks. The actuators received shall be placed towards the front of the bin in order to allow the whole
mechanism to pivot, and motors driving the track will be placed in the rear, nested beneath the rotating
bin pivot bar.
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Figure 12: Final Design - Isometric View
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Figure 13: final Design - Right View

Figure 14: Final Design - Back-Rear View
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Project Management
Timeline
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Roles and Responsibilities
Roles and responsibilities have been broken down into equal parts based on personal experience
and are chosen by each individual. The responsibilities are given to ensure that the task is completed but
every member has a hand in the project as a whole. This will ensure that the transitions are smooth with
full communication on expectations and opinions in order to come up with the best reasonable decisions.
The three main members of the project are Michael Sewar, Mark Tuazon and Zhen-hua Wang, all
Mechanical Engineering majors. An electrical engineer will be brought in during the assembly and
testing phase to double check, run and oversee the electrical components and wiring so that the Lunabot
runs smoothly.
Mark Tuazon
As team leader, Mark will oversee the overall progress of the project, keep track of deadlines, and
find issues that may escalate. He is doing most of the research and collection a lot of concepts which will
provide the basis for the design. He is also in charge of data analysis during testing which will be put into
our records as well as be used for the calculations.
Zhen-hua Wang
As the lead designer of the Lunar Excavation Robot, Zhen will oversee the modeling and
simulation portion of the project. This includes the initial design concepts, simulation of the design and
component analysis of material and build using SolidWorks. Zhen will also provide a bill of materials,
set of drawings and diagram parts and assembly. He will also take the lead in the testing phase of the
project due to the design may have to be modified based on real world interaction.
Michael Sewar
Michael is in charge of building and programming the Lunabot. Using the SolidWorks models
and diagram as a base, he will find parts that match the specifications drawn in order to develop a
physical model of the Lunabot. Once built, he will work hand in hand with, if possible, an electrical
engineer and a programmer to develop the electrical components and programming of the Lunabot with
the goal of creating a fully autonomous system.
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Projected Hours
Projected amounts of hours put into the Lunabot from Spring 2013 semester through Fall 2013.
These hours include work being over the summer. Work over the summer will decrease slightly due to
summer internships but work will be non-stop through Fall 2013.
Table 1: Projected hours

Research
SolidWorks Model
SolidWorks Simulation
Component Selection
Parts Purchase
Fabrication
Assembly
Programming
Testing
Total:

Estimated Man Hours
Mark Tuazon Zhen-hua Wang
120
70
30
70
30
90
110
60
100
70
80
90
80
70
70
70
80
110
700
700

Michael Sewar
70
50
30
70
80
120
100
100
80
700

Engineering Design
Major Components

Figure 15: Snow Demon snow thrower

Figure 16: Auger dredge
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Auger

Figure 17: Auger design

Unfortunately as stated before, the design shifted towards a more lightweight snow blower
rather than a typical auger dredge (which are very similar to old tractor-drive snow throwers). Weight
considerations as well fabrication issues were considered. As seen in Figure 18, the auger is designed with
a more open design. This would be suitable with snow as snow tends to clump together and hold its
shape better (thus snow blowers tend to break down the snow with an impeller in a two-stage design).
Considering our application and time table, the auger was used as it was.

Figure 18: Auger of previous team, Pantera

In regards to the auger-bit, as shown in the preceding figure, we would like to take this time to
acknowledge Team Pantera for being kind enough to supply our Lunabot with their surplus back-up
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auger-bit. They were kind enough to supply us with their auxiliary auger for no charge, saving our team
both time and money, and we are ever so grateful to have them as part sponsors.
A radiator fan motor was salvaged for the purpose of driving the auger bit. The motor rotated fast
enough with decent torque, suitable enough to rotate the auger. Timing components were fitted onto the
auger as well as the motor, and driven by a belt. As mentioned previously, the rotation of the auger need
not be excessively fast.

Figure 19: Radiator Fan Motor

Collector Bin
The collector bin was designed to 1) hold the collected dirt and 2) deliver the payload to the
competition bins. They are meant to be kept light weight yet durable. Prior teams have done so by using
Plexiglas to keep things lightweight. Plexiglas had its applications early on such as “periscope ports on
submarines and for windshields, canopies, and gun turrets on airplanes [6]”. Durability and saving
weight was solved by using such material.
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Figure 20: Linear actuator

The design consists of a conveyor-type mechanism. This change was due to weight limitations
with lifting the collector bin once it had collected regolith. More powerful actuators would have had to
be purchased but due to limited funding, actuators were reused from previous projects (thus not as
powerful for a rising bin). As mentioned, the body consists of an inner and outer frame. The inner frame
holds the auger and collector bin (which includes the conveyor-belt mechanism) and rotates about a
fixed point. Actuators used were strong enough to support the weight of the inner frame as well as the
additional weight from the collected regolith during competition. Using two actuators in this fashion
instead of four or six in the previous design yields just about, if not more, efficiency. The reason is that
with the two actuators located at the front of the Lunabot, it takes less torque than with the four or six
actuators. This concept follows that of a door and hinge. As far as the construction of the conveyor-belt,
it is composed of a simple rubberized surface with protrusions; to scoop the regolith. The raised surfaces
were simply that of aluminum brackets; basically anything strong enough and durable enough to the
abrasion against the regolith and collector bin. This is similar to that which is utilized in Design 2. The
conveyor-belt has its own motor which will work while the Lunabot reaches the competition bins and is
not driving.
Drive System
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Figure 21: Possible solution for sprocket and chain

Figure 22: Second possible solution to sprocket and
chain

As originally designed, the Lunabot would utilize a tracked wheel system. However, for the sake
of modularity, the drive system was designed to support both a tracked wheel system as well as a
prototypical 4-wheeled system. The traditional design of a 4-wheeled machine would be best for travel
and transportation. The tracked system was designed and hoped to be best for the Lunarena and
environment similar to the Moon’s surface. This is because a tracked wheel system would have better
traction and little vibration and much more stable center of gravity. Whether tracked or traditional
wheels, the open design of the Lunabot allows for such a feature. In place of the ideal tracked wheels,
lawnmower wheels served as a somewhat suitable substitute.

Figure 23: Lawn Mower Wheel
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Electronics
The wireless controls were done using the Digi XBee kit found on sparkfun.com. This module is
completely independent from a network using only two modules to communicate wirelessly over a given
area. This is done by one connected to the computer controlling the microcontroller and the other to the
microcontroller of the device. The XBee module acts the same as if there was a wired connection with
ranges of up to 300 feet, as long as there is no interference. The modules will be run using an Arduino
Mega 2560 due to the amount of output peripherals needed for controlling all motors and actuators. A
shield will cut down on the amount of wiring as well as provide sensor input and outputs to be used
with parts such as ultrasonic sensors to sense distance preventing collision and cameras for real time
surveillance.

Figure 24: Xbee Wireless System

Motor drivers will be used to drive the motors for both driving the chassis as well as driving the
conveyor-belt mounted inside the collector bin. The ideal motor driver is a 4-channel motor driver from
sparkfun.com which is a piece to their Rover 5 vehicle. This motor driver can not only drive four 12 volt
DC motors but can also run encoders for each motor sending real time feedback of position to the user.
This motor driver will also control the direction of rotation by switch the polarities of the power and
control the speeds of the motors by means of pulse with modulation (PWM). To power the motors it
uses external power from the high power battery to power the 12 volt DC motors while using a 5 volt
power source to control the logic pins which is taken from the Arduino board. To drive all the
components of the robot a 12 volt lead acid battery will be used coupled with a voltage regulator to
ensure the correct amount of current to power all the electronics of the robot; it will be sealed inside the
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bin in a fabricated compartment to try and make use of as much space as possible and minimize the size
of the total robot. Once the electronics are all measured and fitted to the compartment, a series of
channels will guide all the wiring throughout the robot keeping all wiring sealed and protected from the
sample in the collector bin.

Figure 25: Assembled board

Salvaging parts from a previous Lunabot, with their permission, the frame served as a good
starting point to fit the electronics, motors, and gearing. Upon researching the numerous methods for
digging and dumping, the fabrication included two 12-volt Denso brand DC motors as well as 2 linear
actuators rated at 200 pounds each. This was well over the previously expected operating strength. The
design used the four channel motor driver to operate the auger, and 2 actuators. The Denso DC motors
are high torque motor which will be ideal for propulsion of the robot. A high revolution motor will be
needed to drive the auger at the speed needed to operate correctly. For this, the motor from a radiator
was used. The conveyor-belt requires little speed nor torque to rotate because it breaks down and
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empties the collected material. To rotate the conveyor belt, a power window motor was used from a 1994
Toyota Corolla.

Figure 26: Power Window Motor - Front View

Figure 27: Power Window Motor - Rear View

Power consumption was the looming drawback to the modified Lunabot. The motors used not
only drew a lot of current and power to operate but also add greatly to the weight of the entire machine.
The power source had to be of sufficient power. Increased weight in turn increased the weight applied on
the wheels. To compensate this, a 12V 7A lead-acid car battery was used as the main power source.
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Figure 28: Denso Wiper Motor

Automation
The automation section consisted of using a series of ultrasonic sonars in order to detect
obstacles and control the speed of both wheels. Using MATLAB’s built in fuzzy logic function to model
the automation section of the robot; a series of simple rules developed a 3-D surface to model all cases of
the inputs, resulting in an ultimate output. This speed controller determined the correct speed of the
Lunabot based on the weight of the load, distance an obstacle is, and the status of the terrain being
traveled on. The following system was created:
Terrain
Obstacle

Fuzzy decision
making speed
controller

Speed

Load
The following surface was developed with no inconsistencies:
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Figure 29: 3D surface of obstacle, terrain, and speed

Figure 30: Speed rate calculations

34

Figure 31: List of rules for all cases to develop the surface

The graph above derived a MATLAB code which could be modified in order to develop a C++
code to be used with Arduino. Since all cases use percentage, 0% to 100%, on a 0-1 scale, the code would
modify the ultrasonic sonar and PWM of the DC motors to compensate 0% to 100% of the speed.

Structural Design
The frame was constructed out of aluminum by the previous Lunabotics team. Minimalism with
regards to the frame was predominantly the driving factor. Because minimalism was valued, limiting
weight was a priority as well as rigidity. Smaller components, remote parts, and the power source will be
housed within the robot.
The frame was also divided into two sections: an inner and outer frame. The inner frame lied
within the outer frame. It held the auger and collector bin and rotated about a fixed point (located near
the rear) through the use of actuators (located near the front). The outer frame was basically the body
which held the electronics, motors, and wheels. This design also helped the auger “cut” into the ground
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as it rotated downward – while the inner frame rotates downward, the auger begins rotating. With the
rotation about a fixed point, this helped the Lunabot traverse the terrain by raising the inner frame
enough to pass over obstacles.
As noted, a frame has been salvaged and as such has decreased the overall budget as well as saved
time. Additionally, because of its similar design, finding a point of rotation for the collector bin was
simple enough. The actuators were fitted near the front, but because of the length brackets were fitted
securely to the bin. This allowed for the actuator to rise while the brackets were able to rotate slightly, all
the while the bin rotated about the point of rotation. The upside to the foot long actuators was that each
actuator could support a load of up to 200 lb. Because of this, concern of whether they would be strong
enough to lift the bin assembly including collected regolith had been “lifted”.

Figure 32: Brackets fitted onto Actuators and Collector Bin

Provided below are pictures of the salvaged frame and snow-blower auger-bit. The following
figures show the salvaged frame. We would once again like to take this time to thank Team Pantera for
their generosity in offering our team their auxiliary auger-bit from their parts bin.
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Figure 33 Salvaged Frame Right View (With Auger-bit)

Figure 34 Salvaged Frame Top View (With Auger-bit)

Prototyping
Prototype Cost Analysis
As stated, there a several major components that have been repurposed for this project. These
components include the frame, motors, and actuators. Because of this, the original predicted cost of the
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Lunabot had decreased drastically. Parts that were salvaged were not done blindly but were accepted
because of the ability to adapt them to the final design. The components had proven useful and worked
well where used. Speaking of cost, below is the table of project expenses, also noting the multiple items
that were salvaged for little to no cost.
Table 2: Cost Analysis Approximation

Component
Electronics

Auger Dredge
Power source
Drive System

Conveyor Belt
Frame
Collector Bin
Misc.
Total

No.
1
1
5
4
1
1
1
1
1
1
4
2
1
1
1
1
3

Part
Arduino Mega 2560
Wi-Fi Shield
Ultrasonic Sonars
Kill Switch
Gear head Webcam
XBee Wireless Kit
4-Channel Motor Controller
Spare Auger Bit
Powerhouse Battery
Battery Charger
Lawnmower Wheels
Denso DC Motor
Toyota Power Window Motor
Radiator Fan Motor
Wood Dowel
Salvaged Frame
.125” 36” x 72”
Plexiglas Sheets
Screws, washers, nuts,
bearings

Price
$28.85
$94.95
$15.99
$14.99
$10.99
$95.95
$24.95
$0
$21.95
$35.00
$0
$0
$0
$0
$2
$0
$160
$30
$535.61
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Prototype Build
The following pictures highlight the construction of the Lunabot. The initial frame that was
salvaged had to be reduced, simplified in order to house what was designed. The journal bearings
mounted atop the frame were removed as well as the front and middle bars located at the bottom. The
bottom was cleared in order to allow for the inner frame (which houses the collector bin, auger, and
conveyor belt) to rotate about a point.

Figure 35: Initial Salvaged Frame
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2 sheets of Plexiglas were utilized to prepare the collector bin. Dimensions were drawn up from
Solidworks and drawn on the sheets. The pieces were cut to size and fitted together using aluminum
brackets. The brackets allow for rigidity as well as the silicone, which was also used in order to fill the
gaps).

Figure 36: Cut collector bin fitted in frame
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Figure 37: Collector Bin fitted

Figure 38: Final Collector Bin
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Figure 39: Auger fitted in Frame

Figure 40: Auger fitted - Side View
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Figure 41: Conveyor Belt System modifications and alterations

Figure 42: Prototype without Conveyor Belt
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Figure 43: Prototype without Conveyor Belt – Side View

Figure 44: Prototype without Conveyor Belt – Front View
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Figure 45: Final Prototype assembly of Lunabot

Simulation
CAD simulations were run to give an idea of the kind of stresses that take place throughout the
frame, collector bin, and auger. As stated, the results give a range of suitable data to work with. The parts
primarily analyzed included are the frame of the Lunabot itself which shall hold the entire robot together,
the collection bin because of the material it is made of and the varying roles it will serve, and the auger
because it will be the major working component in collecting the lunar-soil simulant.

Frame
For the following images, the frame was simulated with the fixtures located at the points in
which the wheels sit. Forces were then applied to where the actuators would be and at the point of
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rotation. And as seen, the frame was suitable enough, with the highest point of deformation located at
the front. In assuming variables, the resulting factor of safety for the frame was 350.

Figure 46: Frame – displacement
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Figure 47: Frame - FOS

Figure 48: Frame - strain
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Figure 49: Frame - stress

Figure 50: Frame - Stress comparison. Top - regular mesh, Bottom - adaptive mesh control
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Figure 51: Frame - Adaptive mesh control convergence graph

The first part to be analyzed was the frame itself. Composed as a few different parts, this CAD simulation
was based off of a SolidWorks assembly made up of the two halves of the frame and the interconnecting
rod about which pivot the bin and the back bar which holds the two halves together. The frame had
fixtures at the wheel holes, taking into consideration that the robot will naturally rest on the wheels and
a majority of the loads will be acting on those “fixtures”. The loads were then simulated to act upon the
auger mounts and the collection bin pivot joint where most of the applied loads will be acting. While the
simulation results exaggerate the displacement of the frame itself, we can see under some overestimated
loading conditions, the frame itself still presents a safety factor of 350.3. As for mesh convergence, the
graph provided after 2 loops doesn’t necessarily converge, but the plot itself follows a convergence trend
where, after more loop iterations, the values will eventually converge, possibly on a high mesh density
value due to the slightly more complex geometry of this assembly.

Collector Bin
The following figures represent the CAD simulations for the collection bin of our Lunabot. The
bin was analyzed by taking into consideration that the only true fixture for the bin would be the rotating
pin that it would be affixed to, which can be examined in the following figures as the congregated mass
of arrows in the lower right corner of the bin. This fixture allows the bin to pivot clockwise and counter-
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clockwise, and an outline of the bin’s original position is visible within the figures to illustrate how the
bin would move under operational loading.

Figure 52: Bin - displacement

Figure 53: Bin - FOS
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Figure 54: Bin - strain

Figure 55: Bin - stress
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Figure 56: Bin - Stress comparison. Top - regular mesh, Bottom - adaptive mesh control

Figure 57: Bin - Adaptive mesh control convergence graph

One must note that for the convergence graph of the bin under adaptive mesh control analysis, the values
for the bin actually converge before 2 simulation loops, which is a good thing. This means that the bin,
while undergoing CAD simulation analysis, is able to find a relatively accurate mesh density in a short
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period, therefore reducing the amount of time required to accurately analyze this component. Another
item of interest is the comparison plot between the regular single point mesh stress simulation and the
adaptive mesh simulation in the figure immediately before this paragraph. The adaptive mesh figure
shows a deeper bulge within the lower part of the bin component. Considering that loadings were placed
within the bin itself to simulate the weight of the lunar soil simulant to be collected, it is an interest if
slightly exaggerated depiction of how the part would perform under normal operating conditions. The
Plexiglas bin does have flex to it however to distend so much would be impossible if slightly impressive.

Auger
The first figure presented below illustrates the “displacement” of the auger as it goes through the
motion of spinning at high rpms and collects the lunar soil. Keep in mind at the operating rpm for the
auger, each of the flat sections of the auger will only see brief contact with the lunar soil but over an
extensive amount of cycles. Fixing the ends of the auger’s cylindrical center allowed us to observe an
instantaneous simulation of both the soil simulant acting against the leading flat edge of the auger, as
well as the torque provided from the motor used to spin the auger.

Figure 58: Auger - displacement
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Figure 59: Auger - FOS

Figure 60: Auger - strain
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Figure 61: Auger - stress

The preceding figures portray the safety factor, strain, and stress placed on the auger during its operation
period. Under the loadings applied in the CAD simulation, the factor of safety resulted in roughly a
magnitude of 5.43. This value was derived from the appropriate material selection, fixture and loading
selection, as well as the meshing for the figure. While mesh density is important in regards to overall
accuracy of the CAD simulation, SolidWorks offered an adaptive meshing function that would loop the
process (up to 5-times for h-adaptive meshing) in order to determine if the values for the simulation
would converge. The following figure represents the convergence graph of the stress values after two
loops of the adaptive mesh process. While the graph itself does not appear to be meshing, the plot did
return a global error percentage of 5.3291%. The figure after the plot shows a comparison of the auger
under stress analysis, with the top half representing the CAD simulation with a fixed mesh density, while
the bottom shows the auger undergoing the adaptive mesh simulation process.
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Figure 62: Auger - Stress comparison. Top - regular mesh, Bottom - adaptive mesh control

Figure 63: Auger - Adaptive mesh control convergence graph

As in the other cases, a convergence study was done with adaptive mesh controls added. But in the case
of the auger, perhaps due to the width of the fins, the stress graphs diverge, indicating a singularity point.
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Testing
Preliminary Testing
Initial testing began with the motors acquired from previous teams as well as unused automobile
parts. Testing needed to be done in order to determine the state of them. Simply using a 12V battery, the
leads were connected from the Denso wiper motors to the battery. The main concern with these motors
was the unknown amount of current draw, torque, and rpm as the motor was marked with “12V” as well
as the name and model number. Online searches for the motor turned up to be futile. But after testing the
motors first-hand, they both equally rotated fast enough as well as having enough torque.
The other motors used – power window and radiator fan motors for the conveyor belt and auger,
respectively – were tested in the same manner. The power window motor had enough torque and a
moderate speed enough for the conveyor belt to rotate fast enough without recklessly spewing regolith.
The radiator fan motor performed similarly in that it had the appropriate rpm for the auger and enough
torque as well.
Other items obtained second-hand were the actuators which were graciously given to us by last
year’s team. The actuators were rated at lifting 200 lbs although are rather long – 12 in. in the receded
position. Upon checking with the same battery, the actuators worked as hoped.

Prototype Testing
To be sure everything would run correctly, a mock set up was tested in order to find and
troubleshoot any issues before placing the controls onto the robot. It was during this phase that the
program could be written to control all the electronics. Beginning with the power source, the 12V 7 amp
battery was used connected to a switch for on-off power. This was then run to a 7.5 amp fuse which runs
to the external power to the Rover 5 motor driver. Channels 1 and 2 control the left and right DC motors
for propelling the wheels, while channels 3 and 4 were set to control each of the linear actuators. The
motor driver had all wires soldered to DC motors on the Lunabot and a custom soldered expansion bus
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which was plugged into the controller pins. Initial testing was done without the implementation of the
conveyor belt and auger motors for simpler debugging of the code and will be added at a later time. The
wire bus was then connected to the Arduino board through digital pins 2, 4, 6 and 8 to control the speed.
Pins 22, 24, 26 and 28 were then used for controlling the direction of the motors. This was where the
forward, backward and left and right movements were controlled.

Figure 64: basic setup of Arduino to motor driver

The testing stage was done through a wired connection for majority of the set up. Once
everything was set, a program was written in order to control everything via the laptop. Upon testing of
the left DC motor, everything ran smoothly and according to code. However, after testing both DC
motors at the same time the SP8M3 transistor burned out on channel 1. All motors were researched once
more to and tested to find any fault in the current ranges. Once the two DC motors started it was found
that there was a current spike upon start-up of .04 amps for each motor almost 1 amp in total. Research
reviled that the motor driver has a current rating of 4 amp max and a recommended 2 amp operating
current. The tested operating currents totaled only 1.2 amps at max during the operation so testing was
continued modifying the motor controller to compensate for the blown transistor on channel 1.
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Table 3: Motor power and Current ranges

Type
DC Desno wiper motors
Dc Ezzy lift linear actuators
DC power window motor
DC radiator motor
4 Channel motor driver

# of
components

Motor ratings
Voltage Current (max
load)
2
12 1.5Ah
2
12 3Ah
1
12 1Ah
1
12 1Ah
1
0-12 4Ah

tested operating
current (no load)
0.04Ah
.013Ah
.02Ah
0.02Ah
2Ah

During the second test, the set up was changed to the dc motors on both channels 2 and 3 to keep control
of the turns and both actuators were connected to channel 4 due to the fact that both will operate at the
same time in the same direction so as to not twist and crack the bin. A lower fuse rated at 2 amps was
used as well to prevent too much current and destruction of the driver. Upon testing, the fuse was
blown instantly proving too much current was being used. A third testing using a 4 amp fuse showed
there was still too much current passing through the system. The fuse was then replaced with a 7.5 amp
fuse, 0.5 an amp higher than the battery output current. But after flipping the switch it also blew
drawing to the conclusion that there must be either a current spike or the motors were drawing much
more current than was expected. The following tests consisted of a 12V voltage regulator rated at 1 amp
to control the amount of current flowing into the system and prevent any damage to the driver. From this
test, it showed that too much current was being restricted for the regulator to tolerate and the regulator’s
fail safe broke the connection at over 135°C. The final testing of the system was done under the initial
conditions but ran a parallel circuit in order to split the current and safely cut the total 7 amps into 3.5
amps. This, however, resulted in an inaccurate set up and burnout of channel 2 as well. By the end of
testing, the final conclusion was that due to a lack of experience in electrical engineering, the motor
driver was damaged beyond repair and could no longer be used.
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Table 4: Testing stages until ultimate failure

Testing
1
2
3
4
5
6
7

results
Burned out transistor on channel 1 of motor driver
Burned out 2 amp fuse
Burned out 4 amp fuse
Burned out 7.5 amp fuse
Burned out 12V 1 amp regulator
Burned out transistor on channel 2 of motor driver
Found that the motor driver is insufficient for
driving current needed to run motors.

Future implementations of the Lunabot consists of using a set of relays controlled with the
Arduino to switch on and off the power straight to each motor. This method will use all motors at full
power while controlling the polarity using four different sets of relays per motor. The next alternative
would be to get a motor driver which can handle both the current and voltage required to run all the
motors successfully this method however, become more expensive.

Conclusion
This project provided a lot of information in both the mechanical and electrical fields.
Mechanically, it proved itself to be structurally sound. All mechanisms worked and operated the proper
way as a functioning robot. The electrical portion, however, served too difficult to understand from a
mechanical engineer’s point of view. There was much fluctuation and it was not simple to reverse steps
in order to re–do a particular issue. The project overall was a great learning experience from the initial
design in Solidworks to the actually building of the robot, utilizing new and salvaged parts. But what
served to also be important was the fact that it taught that the design will not always work. It may also
be said that this gives a certain degree of preparation for real industry by showing how one may depend
on others, not only within the team but also outside of the circle. In the case with this project, because of
a lack of experience in circuits, an outside electrical engineering student was needed for guidance
through a major issue with the electrical components.
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In addition, the experience had shown how to deal with difficulties when trying to stay within a
budget. It was not particularly easy to determine what parts were to be used due to limited funding. Nor
was it simple to determine what electronics and components were suitable enough for the needs of the
project. These are all real issues to deal with as an engineer. Although the build did come out as expected
by trying to keep the design simple, in the end it served its purpose in furthering our knowledge and
understanding.
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Appendix
Arduino Code
//-------------------left wheel-------------------int motor1pin = 2;
int motor1dir = 22;
//-------------------right wheel-----------------//****************** BURNED OUT ******************
int motor2pin = 4;
int motor2dir = 24;
//-------------------Right actuator-----------------int motor3pin = 6;
int motor3dir = 26;
//------------------left actuator-----------------int motor4pin = 8;
int motor4dir = 28;

int spd = 128;

void setup()
{
pinMode(motor1pin, OUTPUT);
pinMode(motor1dir, OUTPUT);

pinMode(motor2pin, OUTPUT);
pinMode(motor2dir, OUTPUT);

pinMode(motor3pin, OUTPUT);
pinMode(motor3dir, OUTPUT);
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pinMode(motor4pin, OUTPUT);
pinMode(motor4dir, OUTPUT);

Serial.begin(115200);
while (! Serial);
Serial.println("ready");
Serial.println("speed is");
Serial.println(spd);
}
void loop()
{
if (Serial.available())
{
//

int spd = Serial.parseInt();
char key = Serial.read();

//

if (spd >= 0 && spd <= 255)

//___________________________________________________________

//----------------------Chassis Control----------------------//

{
switch(key){

//*******************Go Forward***************************
case 'w':
Serial.println("Forward");
for(int i; i < 5000 ; i++){
//

spd = 255;

//

analogWrite(motor1pin, spd);

//

digitalWrite(motor1dir,HIGH);
analogWrite(motor2pin, spd);
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digitalWrite(motor2dir,HIGH);
}
analogWrite(motor1pin, 0);
digitalWrite(motor1dir,HIGH);
analogWrite(motor2pin, 0);
digitalWrite(motor2dir,HIGH);

break;
//*********************************************
//*******************Go Backward***************
case 's':
Serial.println("Backward");
for(int i; i < 5000 ; i++){
analogWrite(motor1pin, spd);
digitalWrite(motor1dir,LOW);
analogWrite(motor2pin, spd);
digitalWrite(motor2dir,LOW);
}
analogWrite(motor1pin, 0);
digitalWrite(motor1dir,HIGH);
analogWrite(motor2pin, 0);
digitalWrite(motor2dir,HIGH);
break;
////*********************************************
////*******************Go Right***************
case 'd':
Serial.println("Right");
for(int i; i < 5000 ; i++){
analogWrite(motor1pin, speed);
digitalWrite(motor1dir,HIGH);
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analogWrite(motor2pin, speed);
digitalWrite(motor2dir,LOW);
}
analogWrite(motor1pin, 0);
digitalWrite(motor1dir,HIGH);
analogWrite(motor2pin, 0);
digitalWrite(motor2dir,HIGH);
break;
////*********************************************
////*******************Go Left***************
case 'a':
Serial.println("Left");
for(int i; i < 5000 ; i++){
analogWrite(motor1pin, speed);
digitalWrite(motor1dir,LOW);
analogWrite(motor2pin, speed);
digitalWrite(motor2dir,HIGH);
}
analogWrite(motor1pin, 0);
digitalWrite(motor1dir,HIGH);
analogWrite(motor2pin, 0);
break;
//*********************************************
//***************Actuator control
//***************Go up*************************
case 'y':
Serial.println("Forward");
for(int i; i < 5000 ; i++){
//

spd = 255;
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//

analogWrite(motor3pin, spd);

//

digitalWrite(motor3dir,HIGH);
analogWrite(motor4pin, spd);
digitalWrite(motor4dir,HIGH);
}
analogWrite(motor3pin, 0);
digitalWrite(motor3dir,HIGH);
analogWrite(motor4pin, 0);
digitalWrite(motor5dir,HIGH);
break;

//*******************Go down***************
case 's':
Serial.println("Backward");
for(int i; i < 5000 ; i++){
analogWrite(motor3pin, spd);
digitalWrite(motor3dir,LOW);
analogWrite(motor4pin, spd);
digitalWrite(motor4dir,LOW);
}
analogWrite(motor3pin, 0);
digitalWrite(motor3dir,HIGH);
analogWrite(motor4pin, 0);
digitalWrite(motor4dir,HIGH);
break;
////*********************************************
//*******************************************
}//end of switch
//

}//end of if (spd >= 0 && spd <= 255)

}//if (Serial.available())
}//end of void loop ()
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Rules and Rubric for NASA’s Annual Robotic Mining Competition (2014)
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