[LWINIALR [RIARVIES TSR
[PIROI O PIE

NASA - Corporation 4

‘OPERATIONAL READINESS REVIEW

Spring 2009
May 6, 2009

Instructor— Dr. David Beale

Corporate Spons— Rob Mueller

NASA Surface Systems Lead Engir

Project Manage— Phillip Young

Group Member— Jack Becker, Joe Bryant, Al
Gaskins, Bryant Hains, JD Jenkins, Luke Wer

1



1.0 ABSTRACT

The purpose of this senior design project is teettg an excavator for use on a planned
lunar base. The harvester will collect regolith foocessing into oxygen for use by the lunar
settlement. This is a vital component of NASA'setual plans for the lunar colony, as the cost
of transporting enough supplies for the colony wicag prohibitively expensive.

Therefore, an in-situ resource collector is a ssitg of the colony. This collector has a
number of system requirements including:

1. Shall be designed to conduct studies on earthéable to operate in a Lunar
environment

2. Shall interface with Gator utility vehicle

3. Shall be operated remotely

4. Shall collect and hold at least 50 kg soil per hour

These and other requirements will be discusseditjinaut this report.

The final design is an aluminum frame constructe80/20 that supports a linkage
subassembly. These linkages are then used toariswer a bucket that acts as the digging
implement. This bucket has three positions diggirapsport, and dumping. An actuator
manipulates the linkages and bucket into the regupositions. The actuator itself is controlled
by the control system designed by the electricglrexering team.

After the Preliminary Design Review (PDR) and iCeat Design Review (CDR) were
completed, work was begun on the steps necessaan fOperational Readiness Review (ORR).
The purpose of the ORR is to document the testeqgesof the design process and provide
results that the design chosen will meet the ptogmpuirements. The cost of correcting any
design flaw will be magnified greatly in the poabfication phase so it was vital to catch all
design errors before fabrication begins. All caausits not already specified in the CDR such as
bearing and actuator sizes have been selectedcorhglete set of correctly dimensioned
engineering drawings was used to fabricate andrdssea finished prototype. Extensive testing
was conducted to test out all the different operetiof the Lunar Harvester Prototype. The
Operational Readiness Review (ORR) will documeaetfihished prototype complete with
validation of requirements and documentation asdlte of prototype testing.

The bearing selected for use throughout the desaga Dry slide self-lubricating
bearing with PTFE coating produced by Daemar Begarincorporated. A plunger-type linear
actuator was selected instead of a slider linetaradar due to its better cost versus performance
ratio. There were no mechanical problems duringngsand the harvester prototype fulfilled
the mission requirements exactly as designed. Totetgype interfaced with a Gator Utility
vehicle, was controlled from a wireless groundistgtand scraped up 50 — 80 Ibs per test run of
pseudo-regolith and dumped it at a designateditotat under two minutes.
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4.0 INTRODUCTION

In looking to establish a base on the moon, tieecensiderable research and
development being aimed at building and sustaieirg a base. One of the immediate needs
that arise is the need for oxygen. Constantlymhgpoxygen from the earth would raise the cost
of the base significantly and may even make it asiftde. However, research has shown that
due to various oxides in the composition of theohiglg, the moon is approximately 45% oxygen
by mass. NASA hopes to be able harvest this oxpgerollecting loose regolith and heating it
in an hydrogen-rich environment, thus allowing liyerogen to replace the oxygen in the
chemical bonds. Much of the oxygen will then jaiith excess hydrogen and form water
molecules. These will be sent through an electislgrocess, freeing the oxygen for use by the
astronauts and recycling the hydrogen to use t@extore oxygen. A team of engineers from
Auburn University was chartered to design and baifitototype harvester that would be used to
collect the loose regolith found on the lunar stefaThis report details the Auburn team’s
proposed design for a lunar harvester to meetéheadds of a NASA regolith processing unit.
This design has been broken into electrical ancham@cal subsystems according to systems
engineering practice, and is presented here farfeml detailed design ready for manufacturing.

Fig 4.1 Harvester Isometric Fige 4.2 Harvester Prototype



5.0 PROJECT MANAGEMENT

The Project Manager of the Lunar Harvester Prg®uesign is responsible for making
final decisions, keeps team members on schedulekeaps track of the cost and budget of the
system. Also, the project manager has to interf@t@een the corporate and program mangers
and the group members. This includes discoverinigdfining the stakeholder requirements, as
well as keeping the corporate and program manayesse of the design undertakings. To
accomplish this, open lines of communication mesiiaintained. The Project manager is also
responsible for managing the work breakdown ofgiteeip members, and assigning the Contract
of Deliverables (CODs) to achieve the design goals.

The breakdown of the management structure is &safsl(Fig 5.1):

Program Manager
(Dr. Beale)

Systems Engineer Project Manager
(John Andress) (Phillip Young)

Linkages
Subsystem (Lead
Bryant Hains)

Frame Subsystem
(Lead Alan
Gaskins)

Bucket Subsystem
(Lead JD Jenkins)

Subsystem Subsystem

Member Member Force Analyst

(Luke Weniger)

(Jack Becker) (Joe Bryant)

Figure 5.1 Management Breakdown Structure



The Subsystem Leads report directly to the Prdyiotager, and are responsible for defining the
requirements and constraints of their correspondirizystems. The subsystem leads are
responsible for creating CAD modeling of their resjive subsystems, as well as coordinating
the drafts for manufacturing.

The tasks to be completed are assigned accomlisighisystem and are broken up to be
equal time wise. The Gantt Task Chart showing togness made on the design up to the date of
the Preliminary Design Review is shown by the fwllag figure (Fig 5.2):
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Figure 5.2 Gantt Task Chart

At this point, all tasks have been completed fer@perational Readiness Review. All tasks that
were deemed necessary to complete the projectbiemrefulfiled. Components that were
removed from the final design, such as the FrordrDmthe Bucket Subsystem were
discontinued at an early date. This allowed for imaxn effort to be concentrated on mission-
critical components like the completed Bucket,dbtiator, and all of the subsystem interfaces.

Included in Project Management are the settinigooig-term milestones and design
schedules so that group members can see whatestexipof them and in what time frame. It is
important that the subsystem leads and group meniiaete ample time to plan how they will
accomplish the tasks and CODS that are presentiberto. A second semester Milestone and
Phases schedule can be viewed in the followingdigu



Schedule
by Month
Aug. [Sep. Oct. [Mov, Dec. [Jan. Feb. [Mar. [Apr [ay
Phase: Concept Studies / o ) ) ) ’
Preliminary Design Final Design Aszsembly Intergration And Test
Development
® + +
Concept Studies Concept Development And Engineering Design Final Design+Assembly
A N A AN

[Symbol Legend

A Set Due Date

@® End of 2nd Generation Lunar Harvester. beginning of Lunar Harvester Prototype

5"_8 et/Moveable Due Date

<+ Begin ordering/manufacturing of parts

Bll|Depariment Set Date

~<{~ Final Testing of Lunar Pratatype Completed

<4-[Finished Milestone

Q|Terminated Milestone

i|Arrival Date

|Time Worked and Due Date

Figure 5.3 Milestone and Phases Schedule

5 5

Figure 5.4 Testing Group at USDA Facility

6.0 SYSTEMS ENGINEERING

6.1 Introduction into Systems Engineering

Corporation 4 is in the Operational Readiness Reywertion of the Systems Engineering
approach, also known as Phase D. The purposesophiaise is to assemble parts and components
to create subsystems, integrate these subsystemaskethe complete system, and then to test
this system to verify that it meets the system megoents laid out in earlier Systems

Engineering Phases. The system will be demonsttatekow that it meets performance and
functional requirements in the various testing pisas
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6.2 Mission Objectives and Requirements

A mission statement was developed to clearly defieegoal and the expectations of the
stakeholder of this design project.
“Create a tele-operated lunar harvester prototggeting less than 150 W power usage
and weighing less than 100 kg for studies on tinéh dalfilling environmental
requirements of the moon.”
Also developed were mission level requirementssarisystem level requirements. These
derived requirements have evolved through the systngineering process as new concepts
were realized and enacted, trade studies with Whactadysis, and realization of stakeholder
expectations. These requirements are either meastiperformance (MOPSs) or measures of
effectiveness (MOESs), and were further classifie@igher functional or performance
requirements in Phase B. As stated before, ouroni$svel requirements are:
1. Shall be designed to conduct studies on earthéable to operate in a Lunar
environment (MOE — functional)
Shall interface with Gator utility vehicle (MOE drfctional)
Shall be operated remotely (MOE — functional)
Shall collect and hold at least 50 kg soil per HdIOP — performance)
Shall be designed to integrate Electrical Engimgesubsystems into the
mechanical design
The requirements become more detailed and spetifiee subsystem level which will be
addressed in the main body of the report.

a ko

6.3 Concept of Operations

The Harvester Prototype design has to operatdvarae environmental conditions in a
precise manner. The Concept of Operations desdnitneshe design will accomplish the
mission and meet stakeholder expectations. The &pré Operations for the Harvester
Prototype is detailed in time-ordered sequencesehis form, as well as graphical form.

Time-Ordered Sequence of Events:

i) Soil pan to harvest position, “scrape” soil frdmehind chariot/Gator Utility Vehicle in
lane-like fashion until bucket reaches capacity

i) Soil pan to transport position, chariot roveturns to collection point with soil pan pulled
behind, only surface contact is soil pan wheels

iii) Chariot rover/Gator Utility Vehicle up and owveoil ramp to position soil pan over hopper
opening

iv) Soil pan to dump position, empty bucket consanto hopper

V) Soil pan to transport position, return to hat\aga

vi) Soil pan to harvest position, begin “scrapedg@ss
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Figure 6.1 Graphical Concept of Operalons

6.4 Architecture and DesignProduct Breakdown Structt

The Lunar Harvester architecture can be detailedtdsck diagram that becomes m
detailed each tier. The architecture begins wiehstystem level and progresses into subsys
and finally components. In PhaD, the Operational Readiness Review, dhghitecture include
all includednamed components. This structhas beemeferred to and updatdin the current
phase to include manufacturing methods as weltasfacing with other components.e
architecturadlemonstrated on the next peservesas a starting point to understanding the our

of the design concept:



Figure 6.2 System Block Diagrar
6.5 Validation and Verification

Throughout the systems engineering process, m®rtant to continue to make sure t
the design is continuin@tmeet the stakeholder requirements, the derivguainements, an
cost/weight budgets. In Phase B, verification gjuieements for each subsystwas
accomplished through either computer simulatioprealict performance, engineering analy
an inspegon or a logical argument. In Phase C, more adwcoenputer simulation ar
engineering force analysis waslized to predict performanc

Phase D Verificatiomequires much more testing for functional and pennce
requirements. The following areerification tests performed of the subsystems terda@ne if
the subsystems and components are built and ineec@rectly

® Linkagesassembleiseparately from system to test effectivenBgarings in the
linkages must be effective in allowing free rotati@olts were tightened slow
and in a step fashion to determine correct amoutarque and to allow fc
correct amount of complian
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The frame was manually loaded to test for deflecéind strength of components.
The frame was determined to not flex enough toe@easformance issues, but
would need to be addressed in a moon-ready concept.

Bucket subsystem was manually loaded to determsteength of the bucket was
going to be a problem. The weight of the bucket awasncern and would need to
be addressed in a moon-ready concept. The strgrgth weigh ration of the
steel used in the bucket is not optimal.

Tested for environmental conditioning — comparexb8e” tolerances versus
“tight” tolerances.

Phase D Validation was conducted to ensure thagytbiem met all system requirements and the
mission objectives. This is detailed more in Fihasting section of the ORR, which shows that
all requirements and objectives were indeed met.

Assembled total system for manual proof of contegting. This consisted of
manual movement of bucket positions, manual pusbirmyicket through pseudo-
regolith.

Actuated through full range of motion (all buckessgions) in project room
before testing with actual soil.

Conducted proof of concept testing at USDA facilising all components and
interfacing to the Gator vehicle actuating throfighrange of motion following
the Concept of Operations. This included testgifoe/speed, different digging
depths, and amount of soil per run.

6.6 Interfaces

Interfaces exist between subsystems and in beta@®aponents. These boundaries are
required to successfully mate and integrate theysiem/component. Often, the interfaces are
needed to perform or limit a function. As a consawe of these technological necessities,
interface requirements can be derived. These atdesfhave all been addressed in the final
prototype. The functional and performance requirgseere all demonstrated in the final
testing to show operational readiness. Functiondlgerformance interface requirements for the
Harvester Prototype design are:

1.

Interface between harvester system and chariot intexface plate shall have

horizontal rotational movement (pin joint) to acaoodate a turning radius and a
raising radius (Functional). The ball hitch thatswailized allows for this “trailing”
motion to be accomplished on the completed prottyp
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no

Interface between bucket subsystem and frame siginsyghall be constrained to 1
DOF by revolute joint (Performance). The bucket fitith a very tight tolerance into
the frame subsystem. Bolt heads barely “kiss” e ef the bucket as it rotates into
its different functional positions.

3. Interface between linkage components shall be cained to 1 DOF by revolute joint
(Performance). Some compliance is allowed to enthateunnecessary forces to not
act on these joints.

4. Interface between actuator and frame shall be ééfioy 2 points and constrained to
vertical motion only (Performance). The interfadeck and slider rail system allows
this interface to function correctly. The block éakall of the load from the actuator in
a horizontal direction and the load from the linkagterface bar in the vertical
direction. The slider block allows unrestrictediontal motion and constrains all
motion in the vertical direction.

5. Interfaces shall be designed to accommodate lunarammental conditions

(Functional). The system was implemented usingeseadmponents and “loose”

tolerances, preventing dirt from affecting perfonoa.

7.0 BUCKET SUBSYSTEM

7.1 Bucket Subsystem Requirements and Engineeniady8is

When generating the bucket subsystem specificainodsconstraints, manufacturability issues
and the following functional and performance reguoients were the primary criteria that guided
the design of the subsystem.

e Functional Requirements
1) Shall be designed to accommodate flow of relgalitring dumping
2) Shall provide a method of keeping regolith frepilling during transport
3) Shall have a angled back wall to aid in harvgséind dumping

¢ Performance Requirements

1) Shall hold 50 kg of sofl’ = = = 1.36 ft* using p = 1.3 kg / )

2) Shall be able to accommodate a cutting bladenteduon the front edge of the bucket

To accommodate the angled wall requirement, a €mght trapezoid became the side view of
the bucket. (Fig. 7.1)
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b,

b,
Fig. 7.1 Bucket

This side profile, along with a wall thickness ardopen front for the entering regolith, yielded
a shape for the entire bucket. (Fig. 7.2)

b,

b,
Fig. 7.2Bucket 3¢ Angle

When considering manufacturability, it was detemdithat this shape can be manufactured by
using plates of steel for the three walls and thigoln and welding them together. Steel was
chosen due to the lack of aluminum welders. Thddwill be a simple steel wedge with a lip
that bolts on to the front edge of the buckiig(7.3andFig. 7.4

(Fig. 7.3) Blade Solid Edge (Fig. 7.4) BuekSolid Edge
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When determining the size of the bucket neededas assumed that bucket would only fill to
two thirds of the total volume. This made our &rgolume of the bucket¥2.04 f£. By
setting the widthw) of the bucket atv = 2.0 ft, the area of the trapezoidal side camoad (Eq
7.1).

Vv, b, +b
A= Wt =1.02 ft? = %h (Eq7.1)

After setting the angle of the rear wall at 70falale of potential bucket dimensions was created
(Table 7.1shown on the next page.

Height Average Base Total Length Ratio
(ft) (ft) (ft) Smaller Base (ft) | Width/Length
0.5 2.037384619 2.385797908 1.688971329 0.83829397,
0.6 1.697820515 1.988164923 1.407476107 1.005952764
0.7 1.455274728 1.704141363 1.206408092 1.173611558
0.8 1.273365387 1.491123693 1.055607081 1.341270352
0.9 1.131880344 1.325443282 0.938317405 1.508929146
1 1.018692309 1.192898954 0.844485664 1.67658794
1.1 0.926083918 1.084453595 0.76771424 1.844246734
1.2 0.848910258 0.994082462 0.703738054 2.011905528
1.3 0.783609469 0.91761458 0.649604357 2.179564322
14 0.727637364 0.852070681 0.603204046 2.347223116
15 0.679128206 0.795265969 0.562990443 2.51488191

Table 7.1 Dimension lterations

The red entries in the table were discarded bedhes&atio of width to length was either below
one or too close to one, and a bucket was degisgduas wider than it was long. The blue entry
was chosen because the width to height ratio weepdable and the height was still low,
allowing the regolith to accumulate to closer te thaximum volume. These dimensions can be
seen in inches imable 7.2 as well as slightly modified dimensions to usemer numbers.

Height Total Length Smaller Base
(in) Average Base (in)| (in) (in)
9.6 15.28038464 17.89348431 12.66728497
10 15 17 13

Table 7.2 Final Dimensions
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7.2 Bucket Subsystem Concept Presentation

There are a couple of different ideas that haesnlmensidered for the final design of the
bucket subsystem. The previous design of the liweste just a scoop/shovel with a vibrating bit
that scraped the regolith off the surface and pleditransportation to the conveyor belt. The
conveyor belt then carried the moon dirt to a gjerain for transportation to the regolith hopper.
The purpose of the vibrating bit was to help rediheedraft force on the scoop/shovel. After
testing the current design, it was observed tlestoop assembly with the vibrating bit was not
effective. The vibrating bit would stop oscillagimwhen pushed through the soil. Also, the
vibrating bit assembly was mounted directly to Ibiteand added approximately 25 Ibs. to the
total weight of the scoop.

The proposed design of the bucket subsystem dsrdisvo parts, the bucket and the
blade. The blade is bolted to the inside of thekbtiand has a knife-like edge that cuts regolith
from the surface and provides a ramp for the modnalslide into the bucket. The bucket acts
like a storage bin as the regolith is harvestedteartsports the harvested material to the hopper
for processing. This proposed design takes theem&the scoop, vibrating bit assembly,
conveyor belt, and storage bin that is requiredtierprevious design. By eliminating these
components, the design is simplified in a couplevays. One way the design is simplified is
that we are reducing the total amount of power adéd run the system by eliminating the voice
coils, actuator for the scoop, and the motor androdler for the conveyor belt. The current
design eliminates complex subassemblies (i.e. gmmJeelt, vibrating bit) that have many
different parts that move and have to be controll€de current design is controlled by simple
mechanical linkages and two linear actuators.

7.3 Blade Force Analysis

Table 7.3 Typical Variables to be considered in Mckeys and Ali Model
Currently, the force analysis : _ :
. . . Notation Definition Units Value
acting on the blade is done using a @ Tool Angle from degrees 10
Forward Horizontal
model proposed by MCkeyS and All Rupture angle from degrees {value where Ny is
. . direction of travel minimized)
This method relates the proportions of Tool Width o Varied
. . s Cohesional Factor N/cm? .09
the failure mechanisms to the observe Adhesional Factor N/ 00003
shapes. Typical variables that are
considered in this model are listed in
table 7.1.

w

Soil-Tool friction Angle Degrees 24
Soil-Soil friction Angle Degrees 37
Unit weight of sail Nfcm?® 01834

surcharge N/cm? M/A (zero in this case)
Crescent Radius cm (varies)
Depth of cut cm 5
Draft force N (varies)
Total force on blade N (varies)

ol |=|a|=|E|oo|o

In this model the blade causes
soil to move in front of and to the
sides of the blade. For this model the blade edtat and create a wedge shaped soil boundary.
This wedge is considered to be circular and hasscent radius (r) that is defined by Equation 7.2.
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r = z(cot * (a) + cot(B) (Eq7.2)

Mgarama vs Beta (True Beta is where Mgamma is minimum)

The variable} in equation is the soil parameter that is
found by minimizing Equation 7.3. This is the ang|
st 1 that the failure wedge creates with the directibtravel
and is called the rupture angle. For use of thisagon,
the dimension “s” must be determined by using

=]
T

~
T

Equation 7.4.
A
1 2s
S(Cot(a)+cot(B)) {1457
¥ 0E142 — 2 3b
i -Lﬁﬂj | " cos(a+8)+sin(a+8)cot (B+) (Eq7.3)
" Wz us s 08 0 T2 14 15
beta
Figure 7.5 Plot of Equation 7.3 with b=60.8cm and z=5cm _ _ ( cot(a) )2 1
s=r[l cot(a)+cot(B) I2 (Eq74)

Figure 7.2 shows the plot equation 7.3 with a widkh ‘b’ of 60.8cm (23.75) and a tool depth
‘2’ of 5em (1.97inches). Seen in figure 7f6is then equal to 0.6142.

Using these calculated values for r, s, pntthe total force acting on the blade is defineidgis
equation 7.5.

b ({Byzzg(u;_;)] sin(a + B) + cz‘;?rfg;)) (14 +eqz 2Lt Erd) "’)} b) (Fa75)
sinfl@ + B8+ 6 + ¢) T/

P was then plotted using values of blade widthectoghe defined blade width of 60.8cm assuming
small change i (valid for values of b close to
assumed value). This plot resulted in figure 7.6.

Circular side crescents

Plane Failure
Suarface

Figure 7.5b Rupture Surface Proposed
by Mckeys and Ali
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Force vs Blade Width
120 T T T

10} %=60.3 B 1
y=1042" =
100 F f,/‘" |
- —
i Ciraft Force
———Total Force

ar % Design Total Force i

Faorce (M)

#  Design Draft Force
70+ w=H0.8 4

y=58.43
B0 /
50 1
40 1 1 1 1 1 1 1 1 1

50 52 54 6 58 60 62 64 66 63 70

Blade Width (crm)

Figure 7.6 Plot of Equation 7.5 for values of bladevidth assuming small changes in beta.

From Figure 7.3 the total draft force as seerotordesign is 58.43N and the total force acting on
the blade is 104.2N. Using basic trigonometryheical component of this force is defined with
equation 7.6.

H = Psin(a) (Eq7.6)

Meeded elocity vs Blade Wyidth

Solving Equation 7.6 for our design, the verticaiponent -
of the force P is 18.09N. This means that the mmirmn

weight of the harvester must overcome this verfizade to __
keep the blade in the soil. 10k

Another point to consider when varying the blade
width is the required velocity to acquire the mioim of
50kg/h of regolith. The mass flow rate is defirsd

Welocity [cm/m)

w=60.8

equation 7.7 and can be solved for the requireolcitgl g =
Then the required velocity is then plotted witheaied 2t

blade width. Seen in figure 7.4, the chosen bigidigh of ; | . . . . .
60.8cm (23.75inches) requires a velocity of 2.109aim to 19 2 G W . Al i

] . o Figure 7.7 Needed Velocity to harvest at least 50kg/h of regolith
collect at least 50kg/h of regolith. However, thidocity is

too low for our system to travel. The slowest eélowe can travel is about .45m/s (Imph). At this
velocity the system will collect 585kg/hour if opéing at 100% efficiency. Assuming the system
operates about 75% efficiency, the system will barabout 440kg/hour which is way above the mission
objective.
mreq
V=—" (Eq7.7)
pACTOSS (
However another force that may be larger tharsthredard digging force will be exerted on the
entire system if we impact an object that doesiwven(i.e. a rock). If the system travels a nominal
velocity of Imph and a maximum mass of 330Ibs dtappearly instantaneously (.01s), using Equation
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7.8, the impulse average force is calculated tb38® Ib-force. If this force were translated tigbuhe
linkage system, the actuator would experience @efof about 1900Ibs acting vertically and about
1458Ibs acting along the axial direction.

Eq7.8
Impulse = Fy,;At = mAVel

In addition to the forces acting on the systemhgyregolith and the impulse forces, the mass of the
bucket and collected regolith create a moment ath@ujpint of the bucket during dumping. Initial
testing showed us that the force created by the wiathe bucket alone acting on the actuator wasitab
300Ibs during its dumping phase. If the bucketerfatly loaded at the time of this, the force agtaiong
the actuator would be about 305Ibs.

8.0 LINKAGE SUBSYSTEM

8.1 Linkage Subsystem Requirements

The linkage subsystem is composed of all the liekagecessary to move the bucket into the
three necessary positions:

1. Dumping
2. Transport
3. Digging

This will be accomplished by the use of three lgg®that are mirrored on either side of the
assembly. It was discovered through prototypmbath solid edge and working model that it is
possible to overextend the actuator so that th&dilenters into an unrecoverable position. This
problem is easily remedied by controlling the mota the actuator and by designing a system
of mechanical stops in the next phase of the design

Transport Position

Pivot Bar

Force Transfer
Bar

_~ Rotational Bar

=

Limear Actuator \\
Frame

Figure 8.1 Linkage Subsystem Nomenclatures
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The subsystem requirements of the linkage subsyateras follows:

Shall be able to move bucket into the three desiredhanical positions
Shall be powered by motorized actuator

Shall provide mechanical advantage in operatingcétuc

Shall constrain bucket movement to safe bounds

PwbdE

Force Transfer Bar:

The force transfer bar is attached to the actuatdrto the pivot bar. Its purpose is to drive the
motion by way of a linear actuator. The link witlovide significant mechanical advantage,
which will make moving the bucket possible withnaadler actuator. This link undergoes both
rotation and translation.

C_ 3 Force of Slat Joint 58

0.000 b
Fy  -856.590 b
856.590 Ib

Figure 8.2 Force Transfer Bar Load
Condition

The max stress is approximately 75000 psi, and>adisplacement of .04 inches. The FEA of
this bar revealed in the worst case scenario timaebe minor yielding.

Pivot Bar:

The pivot bar is attached to the force transfer frame, and bucket. It purpose is to rotate and
lower the bucket while keeping the bucket horizbmahe digging position, and allowing for
dumping of regolith into the regolith hopper at frecessing plant. Its motion is pure rotation.



22

C 3| Force of PinJoint 12
Fx -657.513b
Fy 436011
£58.957 b

‘ Force of Pin Joint 26 # Force of Pin Joint 15

Fx -3625391b Fx  934173b
Fy 999551 b Fy 11062401
L 106326710, FI 14873231

Figure 8.3 Pivot Bar Load Conditions

The max stress is 25000 psi, and a max elasticrdeton of .01 inches. The FEA revealed that
even in the worst case scenario, there will beialalyng of the bar.

Rotational Bar:

The rotational bar is attached to the frame andkdtuclts purpose is similar to the pivot bar in
that it provides the necessary motion to placebtieket in both dumping and collecting mode.
Its motion is purely rotational as well.

C 3| Force of Pin Joint 22

155.842 b
-41.365 |b
161.238 b

Figure 8.5 Rotational Bar Load Condition

The max stress is 5720 psi, and a max displaceafie@®09 inches. Again, the FEA revealed
that even in the worst case scenario, there willdplastic deformation.
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Linkage Interface Bar:

The Linkage interface bar is the bar that connéesactuator and the force transfer bar.
The intent of this bar is to reduce the numberabfi@ors to one. All the forces that propagate
through the system act upon the bar making it reecgdor the bar to be quite large to limit the
deflection of the bar.

The initial bar was designed to have a diametét’of The ends of the bar were to be machined
down to 5/16".

Initial testing showed an unacceptable level dfedtion in the bar. Deflection was as
much as 4 inches at the interface between theruhthe linkages. This was remedied by
increasing its diameter to one inch and removirgdicrease in diameter. This necessitated the
purchase of new bearings and the modification efftince transfer bar, but the results of the
changes were immediate and effective. Deflectian reduced to 1/10 of an inch. By limiting
the deflection, the fatigue loading of the baraduced. This will increase the overall lifespan of
a vital part of the design.

8.2 Concept Presentation

The goal of the Linkage Subsystem in regards tmtegall system is to both raise and lower the
collection bucket for dumping, transporting, anaviesting regolith. The more specific derived
requirements are:

1) Shall be able to move bucket to and suppotiraetdesired mechanical positions

2) Shall be powered by motorized actuator

3) Shall provide mechanical advantage at harvegtosition and keep forces reasonable

when dumping

4) Shall constrain bucket movement to safe bounds

5) Shall allow variable digging depth that includles range of 1-5cm

The challenging part in designing this subsystethesgoal of controlling a complex series of
movements with one input (an actuator). Referenamegxisting system that provides the
desired movements seemed like a good starting.pbiet most available resource was J.D.’s
dirt pan, pictures and videos of which were alreadyand. The product, SoilMover, is a simple
enough machine, powered by two linear actuatomr(rwtrlcal) and a stralghtforward linkage
system (Fig 8.7).

Fig 8.7 Industrial Dirt Pan
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From this existing model, as well as input fronsiga team members and with a working
knowledge of kinematics, a 2-D scale model was maileg the Working Model program to
function as a preliminary design for the linkagsteyn. The benefits of using a program like
Working Model is that the mechanics of the systam loe easily viewed as well as measured
and the model can be simply tweaked and alter&tl@golving requirements and bounds. The
product of that effort is this model, representimg side of the symmetrical system (Fig 8.8).
The full, range of motion of the model and the kayeled positions can be seen in (Fig 6.1).

Fig 8.8 Working Model Transport Position

From this, a Solid edge 3-D representation wasexpently developed (Fig 8.9).

Fig 8.9 Solid Edge Side View
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8.3 Working Model and Solid Edge Engineering Aneys

Transport Position

Pivot Bar
Force Transfer
Bar ‘ _~ Rotational Bar
= ,
|
|
Y \\
Liear Actuator N

\ Frame
Fig 8.10 Linkage Component Names

10"

|

|
5

|

I

I
]

1 6.4"

Fig 8.11 Linkage Subsystem Dimensions

Shown above in Fig 8.10 is the “Transporting” piosi where the bucket would be held
when neither dumping the regolith nor harvestinglite dimensions of the linkage system were
all designed around the determined ideal buckeedsions (13” width on bottom, 10" tall, and
17” width at top)(Fig 8.11).

The bucket is attached to the frame with 2 linke: Rotational Bar (4”) at the front and
the Pivot Bar (9.75” to the pivot point) near theldie. The Pivot Bar extends past the pivot
point another 5.5”. The front joint on the buckeRi6” from the front and 3.6” from the top, and
back joint is 6.4” from the bottom back corner dn#’ from the bottom. The 2 attachment
points from the links to the frame are 14.5” apath a 4” height difference (the back one is
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basically an anchored link). The Pivot Bar is dittat the far point to the Force Transfer Bar
(8.75”) which is attached to the frame via a sligent and the linear actuator (Fig 8.11).

With this series of connections, the actuator d¢raly to move in a straight line (as opposed to
pivoting) and it has a large mechanical advantagenharvesting the regolith (Fig 8.12).

[ [ Force of Force 4600
Actuatar 33 On/0ff — =

dFx -100.000 b

Force Lol Fy 0,000 b

Lele oo | e 2imdb |
Fr 1336k
lF om0 |

Welocity

075

293h |
[EqFe  e109k
[ 33951 b

e
Y B
o

NS | 100 Ibs

|52 Force of Pin Joint 25

—Lir,  54513b
[EFy 2163420
[{F 2zaesre

Fig 8.12 Harvesting Force/Load Analysis

r‘ Farce of Pin Jaint 12|

Fx 1332971
Er B30k
F 133550

Using Working Model, a force of 100 Ibs was applét the harvesting edge of the
bucket while in the “Harvesting Position” and tleactions at specific joints were measured. The
100 Ibs value was used just for comparative pupasethe exact force evaluation is varying.
Demonstrated, though, is the advantage of ther&ickeator design in that the required force of
the actuator (in the x-direction) is 54.5 Ibs congplato the 100 Ibs input. The majority of the
load is dispersed to the pivot of the Pivot Bam{jd.5) and the y-direction of the slider that the
actuator travels along.

Another force, representing the load of the regohtthe bucket, was applied to the model which
can be seen on the following page:
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Actuator 33 On/0HF
e Forca of Pin Jaint _

Fi 20959k |
Fy 297475
AF a5z |

Velocity

- | ITE

.75

100 Ibs

//

Force of PinJoint 22
2 342 b
-4.833 b
5921 b

Force of Pin Joint 26
Fx  168.592 b
Fy 3253200
[FI  3EE.410kb

o '|'|E'v'|
]

Foice of Pin Jaint 12
| [N 1232
,EEL Fo 952081k
R

Fig 8.13 Dumping Force/Load Analysis

This load was also set at 100 Ibs, but this wasraened roughly by the density and
volume of regolith to be transported. At the “DumgpiPosition” displayed in the picture
(approximately 60-70 degrees), or where the rdgblgins to slide, the force required by the
actuator is 168 Ibs. This is presumably the maxinfiorce the actuator will have to provide and
it is probably even inflated since the front mastdrs of regolith will already have dumped at
this point. Displayed also is the necessity fotrarg) support at the pivot of the Pivot Bar. The
Actuators are of the slider variety, combining tbece application and the slider function into
one. These are discussed further in the Actuatatysis section. Joints will be connected with a
series of bearings and bolts, discussed furthgrarBearing Analysis section.

Adjustments were made to the Working Model to espond to and design around
interferences with the mounting height of the at@uahen the final design was being
assembled. The basic relations remained the sarmhepine lengths of links changed. These new
lengths are detailed in the linkage drafts andameeen in Figure 8.14.
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a5
e O =he \ Lo
o o
Fig 8.14 Updated Working Model Linkages\ \/ﬁ)
N——

This new model was then tested with the same fappdéied to the original model and the
responses were very similar (Figure 8.15)

Furce of Force 46|
LExlIFy  100.0001b . ’
[Fley,  oomow G| Force of Pin Jaint 15
[l 100000k Fellry 207573 |
Lullry  2zsa1Eb

Force of Pin Joint 26

Fe  -7BEE1 I

Force ilry  o0a 72l

i Bln  zosizi
50.00
Welocity

=
z

Force of PinJoint 22
Fu 330541
Fy 7925 b
IF] 344771

Sl

Force of Slot Joint 58
LFllFx 0.000 I
[LlFy  a784421
[hr 1784421
Fig 8.15 Updated linkage forces Fitceral FVTIGHE2

IFelFy 132872k

Ledry aoatb

e 134117

The final product in Solid Edge has the full ramgenotion denoted by the requirements.
To satisfy the final requirement of varying diggidgpth, the wheels were designed around the
adjustable digging depth of the system. It allowgpke room room for transporting, aided further
by the potentially increased height of the ChaRoter mount (Figure 8.16).



move through with the blade tip position denotedabyX on the line.
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)
1,600
1 * { 5% . Ground Level (z=0)
—
t 2000 "0 4 :

s

Fig 8.16 Transporting Clearance (All measurementsiiinches)

The bucket, when lowered, has a wide range ofidligdepths, from 0” to 3.25", easily
encompassing the range given in the requirementsiamply adjustable by the user. The
horizontal lines marked in Figures 8.11 and 8. random selections of cuttlng depths it can

‘/

i
o o

Fig 8.17 At 1.25” Digging Depth (inches)

-
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Fig 8.18 At Maximum Digging Depth (In inches)
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When dumping, the bucket bottom reaches an angl@ degrees, the angle necessary for
regolith to slide (Figure 8.19).

Fig 8.19 Dumping Position Angle

Prototype Modifications and other Considerations:

In manufacturing the final design as detailed &)@everal modifications had to be made
due to either budget constraints or machiningalifty. The first modification was to the
interface between the pivot bar and the frame.ddsgned bracket would be both difficult and
expensive to manufacture, so a bracket was madedristing 80/20 parts in our possession
(Fig 8.20).

Fig 8.20 Pivot bar mount
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Because of the predetermined hole intervals oB@#20, the distance between the pivot bar
mount and the rotational link in both the x andngdtions. The new relationships are shown in
Fig 8.21.

133383210 Force of Pin Jaint 15
14630840 | LtaliFx 79262110
Ll Fy -2839.748 b
IFI 30061251k

B
B

=

Force of PinJi

Fx  748.860
Fp  -170.98°

ﬂ' IFl - 226.70¢

: :
= 0 i _ 3
: Force of Slat Joint 45 \/L:

Fx 0.000 b
Fy 797716 b

| Fig 8.21 New Dimensions

=
5

The force relationships stay about the same, leutahge of motion is changed slightly. The
transport position (fig 8.21) is slightly reclinadhich actually will aid in regolith retention. The
harvesting position is nearly the same (Fig 8.22).

Farce of FinJaint 15

[[Farce of Glat doint 46

Fi ~Ib
Fy ~1b

Fl ~1b

Fig 8.22 New Dimensions harvesting

The major detraction is that the dumping positiaty@eaches to a little over 50 degrees with
respect to the horizontal, coming close but nottmgehe goal of 70 degrees (Fig 8.23). This is
an issue to be addressed in future modifications.
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Force of Pin Joint 26|
Fx 0.4301b
Fy 0.3731b
IFl 0.570 b

Force of Pin Joint 15]
Fu 0.247 b

Sl
EEE

=;§_':n!'n
i ey B
Z

0.423 b
IFI 0.434 b

Fig 8.23 New Dimensions Dumping

8.4 Slider Interface Block

The requirements for the design of the slider fatar block are:

1) Shall interface with the slider block and linkageerface rod and the piston of the actuator
2) Shall provide correct matching of hole sizes amations to attach to slider block

3) Shall maintain or enhance structural rigidity/sg#mof linkage subsystem

4) Shall minimize weight without degrading the struatuntegrity

5) Shall be able to be manufactured in Design & Mactuféng Lab (DML) in house

The slider block to which the interface block matiach to has four threaded M8 holes in a
rectangular pattern 57 mm long and 45 mm wide, oreasfrom the center of each hole. The
bolts purchased to us in conjunction with these$fiblave a 10 mm shoulder. See figure 1.

/ 10
S
T

Figure 8.24 Slider Block Draft (top)
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In order to properly interface with the actuatmt@n, measurements indicated that the
center of the actuator piston must connect to khekiat a height of 7/8 inches above the bottom
of the block in order to maintain strictly horizahimotion for the actuator piston. A 10 mm
shoulder M8 bolt identical to the four joining timerface block with the slider block will be
used to join the interface block with the actugiston. A slot shall be milled out between the
bounds of the bolt holes that extend to a depth®inches to allow for the actuator to attach at

the previously mentioned bolt hole. See figures@ 3 .

J.'"_Eﬁ [0
l o
—+ || [ ]
(I (I
A 11~ —— [T
- &- I S
. A i FROTOT A
1 ! I ! _'IL aifo I Ik I I t
w1 1 T L e

Figure 8.25 Slider Block Draft (Side and Front)

The linkage interface rod shall join to the indee block by fitting through a hole press fit with
bearings. This hole shall have a 1.125 inch diantetaccommodate the bearings and the 1 inch
diameter rod. The center of this hole will be fogied .8 inches from the top surface of the blimck

avoid interfering with the slot for the actuatostpin. See figure 4.

@ 1125 THRU

| — @ 394 THRU

Figure 8.26 Slider Block Draft (side)

After considering the weight that could be shedring out unnecessary material, the benefit is
so slight that it is not recommended for this ptypte. For a production model more material wowdd b
milled out to lighten the payload when transportinghe lunar station.



34

8.5 Actuator Selection

After a primary force analysis was done, the rpidtactuator devices were possible. Further
analysis showed that two actuators were possibdether one
was more feasible. Stepper

Motor

Eliminated

The first device considered was a stepper motatéal
at the vertical linkage. Putting a stepper moerehwould allow ) s
the design to be simplified by eliminating partloé linkage W ARy - /l/
system. Looking at the basic forces this motor la/@ndure L -
through routine operation this idea no longer sekme Figure 8.27: Location of stepper motor and links
possible. If this actuator was used, the forceired to that would be efiminated.
move the bucket into the dumping position is eqodhe moment created by the bucket through the
linkage at this point (see figure 7.5). This motreguates to a little more than 200 foot-pounds of
torque. In order for the stepper motor to reachtdrque, a gear box would be required. Assurtiig
load could be obtained through proper gearingaa fith a stepper motor arises. In order to hold
position under load with a stepper motor, constantent must be applied. This would mean an irsgea
in the total power usage.

P 8 m This power consumption by the stepper
= ; motor showed that the linkage system with a

- linear actuator was the best design. Using

ETROKE LENGTH

working model and the forces calculated from thedo
calculations, it was seen that the transverse la@te much larger
than the axial loads acting on the actuator. Rusitandard digging mode, the actuator sees a éfrce
about 14 Ib-force acting on the axial directionowgver, in the transverse direction (vertical) dctuator
experiences a downward force of about 51lb-foi8et since the largest forces seen are from the [sepu
loading with an axial load of 1458Ibf and a vertilcad of 1900Ibf, the actuator selected must lrg ve
rigid or designed such that it doesn’t deflect.

Figure 8.28 Plunger Style
Actuator vs Slider Style Actuator

Also, using working model we found that the tatetance the actuator needed to travel was 15
inches. At this point two actuators seemed possiplunger style and a slider style, both sedfigare
8.28 and 8.29. Since it is important to consepace when sending this
into space, the slide style actuator seemed toshppere. It was able to
deliver the same stroke length in half the roonut &ter a price quote on
that actuator to meet our specifications, the digle was shown to be

3 too expensive. So we chose a plunger style actuatith the
Figure 8.29 Northern Tools Electric Actuator plunger style actuator, the design needed to keetablkstrict
non-axial loads acting on the plunger. By incogpioig a guide
block from Mcmaster-Carr, we were able to get thelity needed to handle the large transverse loads
experienced by the system. Once the transverse ek accounted for, we decided that we needed an
actuator that could handle the impulse load of I368We found an actuator from Northern Toolsnsee
in Figure 7.7, which could handle 1350lbs and wag $140. Considering the dampening created by the
linkage system, and the dampening at the forcsfeeabar, this actuator selection was acceptalblthé
earth prototype.
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8.6 Bearing Selection

Introduction: The Lunar Harvester Prototype ha®sd parts that require bearings to reduce fnictio
when the parts are moved from one position to amotfhe bearings will need to be able to withstand
harsh conditions of dirt, dust, and other typesammates.

The bearing that has been chosen for the Lunargdtar Prototype is a Daemar (DMR) Dry
Slide bearing. The bearing has a steel outer dtalis lined with self-lubricating bronze. Tharnal
bronze surface has a PTFE Teflon coating to helpae friction. This bearing is designed for higlial
loads and can perform in a harsh environment ssictiraand debris. This bearing is an off the shel
part, is inexpensive, and is readily available.e Tihks the bearings are going to be press fit iméa”
thick. The desired length of the bearing is ¥im@ating the Lunar Harvester in working model with
al0o0 Ib. load acting on the blade of the bucket niaximum force seen at any of the pin joints wa 3
Ibs. Also, there was a simulation done with adéar€500 Ibs. on the bucket (possible example of
impulse loading) and with that input the maximuncéseen at any of the pin connections was 1487 Ibs
Below in Table 2 there is a conversion of radialmebforce to psi using a bearing width of 3/8” dn#’.
This table shows that the bearing used that therges more than capable of handling the loads tha
have been simulated (see Max. Load in Table 1).

Figure 8.30 Daemar Dry Slide Bearing

Manufacture: Daemar Bearings Inc.
Type: Dry slide Self Lubricating Bearing with PTEBating
Part #. 05THO6

Bearing Specs
(in) Max. Load (N/mm~2) (psi)
Outer dia. 0.375 Static Load 250 36250
Inner dia. 0.312§ Very Slow Speed 140 20304
Width 0.375 Rotating/Oscillating 60 8700

Table 8.1 — Bearing Specs



Supplier/Distributor: Alabama Bearing Inc.

Location: Dothan, Al
Qty needed: 30 (2 per hole)
Phone: 334.793.1421

Price: $2.25 each

Delivery Time: Approximately 5 days from order elat
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Radial Load (Ibs. to psi)

Shaft Diameter Width (in) (1 Load on Bearing . Width (in) (2 .
(in Bearing) (Ibs) P (ps) Bearings) s

853.333 426.666

0.3125 0.375 100 3 0.75 .

200 1706.66 853.333

7 3

300 2560 128

400 3413.33 1706.66

3 7

500 4266.66 2133.33

7 3

600 5120 256

5973.33 2986.66

700 3 .

800 6826.66 3413.33

7 3

900 7680 384

1000 85333.33 4266.676

Table 8.2 — Radial Load Conversion
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Part # 08TH16

Bearing Specs
(in) Max. Load (N/mm~2) (psi)
Outer dia. 1.125 Static Load 250 36250
Inner dia. 1.00 Very Slow Speed 140 20300
Width 1.125 Rotating/Oscillating 60 8700

Table 83 — Bearing Specs

Supplier/Distributor: DaemedBearings Phone: 877.432.3627
Location: Atlanta, GA Price: $1.00 each
Qty needed: 25 Delivery Time: Approximately 2 days from order €

Other Bearings Considered: In the search for bgayitwo other bearings were considered. Thedire
considered was a douldealed greased ball bearing. This bearing is tatedndle high radial loads a
high rpm. This bearing is not well sud for impact loading or vibration. Impact loadiofithis bearing
could cause premature failure because it could darttee seal, and thus allow dirt and other undelsi
particles into the bearing. Also, if this bearimgs exposed to vibrations thiould damage to the se:
creating an opening for grease (lubricant) to es@aql dirt and debris to ent

Figure 831 Double Sealed Greased Ball Bearing

The other bearing that was considered was a spthéearing that had a Teflon liner attache
the inner race. This bearing was designed foeaxtty high radial loads and harsh conditions s
dirt and debris. This bearing was rejected beca added an undesirable degree of freec

Figure 8.32 Spherical Bearing

Summary: The bearing that has been selectecciadily available, off the shelf part. T
bearing is inexpensive and is a good choice farphrticular applicatio
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9.0 FRAME SUBSYSTEM

9.1 Frame Subsystem Requirements and Concept Fatsen

The frame subsystem was designed with the 4 deragirements in mind:

1) Shall be able to provide rigidity/load bearing daipies on which the bucket and
mechanical linkage can fasten

2) Shall be designed to provide easy interfacing éobiicket and mechanical linkages, and
accommodate the use of spacers/bearings at thesaaing locations

3) Shall be designed using 80/20 modular aluminuntsstar easy interfacing and
manufacturability

The frame is constructed using 80/20 Model 9701
modular aluminum struts. It will consist of sixus,
two 60” long two 25.5” long, and three 28.5” long.
The 25.5” struts will be connected together with
5/16"-18 bolts, nuts, and 80/20 Model 4303 joining
plates. The 28.5” struts will be connected with
5/16"-18 bolts, nuts, and 80/20 Model 4302 joining
plates. These are connected on top of the frame to
allow for plenty of clearance while the machine is
working. This system of struts allows us to easily
connect and interchange strut pieces for our frame.

Also, by purchasing the struts and not having to
make them in-house, we are able to manufacture and
update this design much easier more efficiently. We
are unable to make this frame collapsible at ihig tas it will destroy the structural
rigidity of the frame. The 3-hole link connectattached 34.5” from the front of the
frame, is crucial in making the bucket perform tlesired function. It is a 4.5” piece of
80/20 Model 9701 connected by two 80/20 Model 4j8@3ng plates. This allows us to
increase stability while minimizing deformation sad by loads. The actuator will be
attached in the center on the rear crossbar dfdnee by 80/20 Model 4303 joining
plates to allow it to extend to the back of theeli The slider is then connected to the
linkage system via a 1” steel rod, allowing théé#ges to apply mechanical advantage to
the system. By attaching the slider directly te flame, it securely attaches the slider,
and therefore the actuator, and holds it horizontabetween the two rear crossbars, U-
bolts are attached to connect the wheels via aldiiaum axle.

Figure 9.1. Isometric view of A-frame

An interfacing subsystem was designed to conimectrame to the Chariot rover/Gator
with the 3 derived requirements in mind:
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1) Shall interface with a Gator utility vehicle

2) Shall maintain horizontal orientation of harvedtame for optimal harvesting and
dumping positions

3) Shall maintain or enhance structural rigidity/sgrgnof frame subsystem

4) Shall accommodate yaw motion required for “traifiator

The frame interfaces with the transportation deticeugh the use of a 2” coupler and ball
mount. It is connected to the frame by a 2” squalpe that connects to the middle of the A-
frame. The tube is 25" long, giving plenty of rodmetween the transportation device and the
regolith pan for turning. To attach this tube, wi# use 5/16"-18 bolts that connect in the center
of the two front crossbars.

From the requirements above, the concept we asepting consists of a frame with 5
crossbars for rigidity and stability. The framéislt from 80/20 modular aluminum struts to
minimize weight while keeping rigidity. Also, thestruts have holes at an equal distance to
allow for easy attachment of components such agmsemt and connectors for linkages. The
simple 80/20 connector frame attached by boltsattr easy interfacing from the linkages to
the bucket. The connector closest to the redneframe is used to attach the linkage that is
powered by the actuator. This height and posiges us the proper rotation we desire to move
the bucket to the 3 desired positions: diggingygperting, and dumping. The actuator is
attached to the frame by using mounting hole orattteator. The actuator will be bolted
securely on the center of the rear crossbar tovdlbo the horizontal movement needed to power
the system. The linkage system will be connectil thre actuator with the use of a slider,
helping maintain horizontal movement and prevenvedical loads from reaching the actuator.
The front linkage is attached to the frame of theket, as the frame has holes in it for easy
attachment of parts. This connection is crucidbicing the bucket into the 3 functional
positions. By attaching most of the componentsatliy on the frame, we are able to create a
more reliable system. On the rear of the fraddibplts are attached that will attach to the
wheels. These wheels provide support to the buokée three positions while the axle keeps
the wheels at a distance from the frame, minimizagplith hitting the actuators, bearings, and
other moving parts. At the front of the frame,adl Bocket joint (similar to a trailer hitch) allew
the frame to easily interface with the Chariot md@ator. This allows us to connect with our
primary mode of transportation and be able to collegolith, while maintaining rotational
movement to allow the regolith pan to function l&kérailer to the transportation device.

This frame in its design is similar to other egréims, which allows us to observe that this
frame with provide support for our bucket and liggasubsystems. Through the use of Working
Model 2D, we were able to design a frame with trapr connections to allow the frame design
to function properly. Using the Solid Edge dravérgj the interfacing plate from previous
groups, we were able to design an interfacing pleeproperly interfaces with the rover.
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9.2 Gator Interface

An interfacing system was designed and modelediinl £dge that integrates into the existing frame
subsystem and connects to the earth testing rihaedohn Deere Gator. It uses efficient and stratiyu
sound means of connection and satisfies the predieted requirements:

1) Shall interface with a Gator utility vehicle

2) Shall maintain horizontal orientation of hareedtame for optimal harvesting and dumping
positions

3) Shall maintain or enhance structural rigidit@agth of frame subsystem

4) Shall accommodate yaw motion required for “ingil Gator

When connecting a trailer to a towing vehiclesitommon to use a system known as a ball and aouple
interface in which the trailer has a female splamgonnector that sits on top of the ball mounthan
towing vehicle (Figure 9.1).

Fig 9.2 Trailor Hitch

This type of connection, in addition to being exrtely common and easy to implement, also
provides the freedom of movement described byehairements that is inherent in a ball and socket
joint. This joint is also convenient in that thet@ahas a receiver on the back that accommodatés’a
ball mount.

A coupler and ball mount size were decided upanwould interface well with both each other
and with their respective ends. The ball is a stesh@” ball (Figure 2b) while the coupler is a stard 2”
receiver (Figure 2a) that mounts to a 2" wide squabe with ¥z inch bolts, all readily available for
purchase.

Fig 9.2a
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On the ball side, the mount can be purchased tmbédhat is adjustable to match the adjustablehheig
characteristics of the Chariot Rover interface (Fég9.3).

Figure 9.3a Adjustable Mount Figure 9.3b Aatal Gator Interface Mount

On the Lunar Harvester side, the coupler bolts2b square tube which in turn will connect to
the existing frame subsystem. This is where asefielecisions had to be made as to how exactly it
would attach. Welding was out of the question,@oe form of bracket and bolt connection was in orde
Multiple sketches were made involving cut, anglduirig and more simple straight T connections (Fégur
9.4).
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Fig 9.4 Interface Hand Sketches

Weighing the given options in terms of ease of enpéntation as well as structural rigidity and stan
the simple T connection was decided upon, butube was extended to overlap with the frame multiple
times to provide more support. The tube is longughg(24”) to allow clearance when the rover is
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turning, but not too long to be excessive. 24§ @ standard length for square tubing. The cdiorex
to the frame are at two points where the tube esoeser lateral supports of the frame (Figure 9.5).

Fig 9.5 Solid Edge Interfac

This provides more area over which the towing fardebe dispersed as well as better support
for lateral loads when turning. The connectionthframe are made with a set of two 4.5” long
5/16 that run through the 2” tube all the way tlgiotihe frame.

9.3 Chariot Rover Interface

Introduction:

Solid Edge is a graphical tool that allows an eagring design team to produce a visual
prototype to determine dimensions, clearancesp#mer important considerations when
designing a complex mechanical system. It allawvgHe design team to create parts to
specifications, and then interface those parts thighother parts of the project, making Solid
Edge a vital component of a systems engineeringoapp. Using this program, we are able to
create a graphical representation to scale of whkawill construct, which is an interface system
between the chariot rover and the lunar excavator.

Results:
This interface plate was designed with 4 requirdsienmind. These are as follows:

1) It shall interface with a Chariot utility vehicleisterface plate

2) It shall achieve horizontal orientation of harvestame at startup on a horizontal plane
for optimal harvesting and dumping positions

3) It shall maintain or enhance structural rigidityésigth of frame subsystem

4) It shall accommodate yaw motion required for “irggl Chariot Rover
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From these requirements, this interface plate was
constructed. The first piece is a 2” aluminum tuW& in
length. This allows us to be structurally rigicdan
maintain horizontal orientation. It interfacesiwihe

rover by attaching itself with 4 bolt holes (2 ack side)
matching the bolt pattern on the rover. It conséaithe
ball connector by way of three 5/16-18 holes, 2amof

the tube and one on the side. The ball connestor i

i Figure 9.6 Chariot Rover Interface ~  designed to also assist in maintaining horizontal

= orientation. It interfaces with the lunar excavdiy

having a 2" trailer ball and connecting via thelénahitch on the front of the lunar excavator’s
frame. Due to the Chariot Rover’s interfacing elaiving an adjustable height, we are able to
use that to adjust the interface plate to whatbeeght needed to maintain horizontal orientation
of the frame for its intended functions. With thaler ball/hitch design, we are able to achieve
yaw motion, allowing the rover to turn easily withtressing the frame of the lunar excavator.

Conclusions:

From this design, we have created an interfade i@t meets the requirements that
were created. This allows our lunar excavatored@dnnected to the Chariot Rover while
maintaining all the functions we designed it tofpan. From this drawing and draft and the
purchase of a 2” trailer ball, we are able to mantufre a way to connect the excavator to the
rover that completes our requirements for an iatariplate.

9.4 Wheel Structure

A wheel structure was designed to meet the follgwaquirements:

1) Shall provide necessary clearance from groontidrvesting and dumping positions

2) Shall maintain horizontal orientation of hateegrame for optimal harvesting and
dumping positions

3) Shall maintain or enhance structural rigidingagth of frame subsystem
4) The wheels utilized shall be able to withstaagsh environmental conditions

To provide the necessary clearance, consideratigst be given primarily to the harvesting and
transporting positions. There must be the righbamh of clearance to hold the harvesting bucket
off of the ground in transport, yet still be abderéach our desired scraping depth. Given that
our maximum change in height for the harvestingeeafghe bucket is around 4.5” and that our
desired scraping depth is 5 cm (1.97”), an idezdu@nce height was set at 2”. Mounting for the
wheel axle was first considered under the framealiar some initial calculations it became
apparent that the wheels would have to be rathaHl $onobtain our 2” clearance, which would

be undesirable for bumpy terrain. So, the decigiaga made to mount the axle above the frame.



44

Figure 9.7 Rear View Wheel Assembly

By mounting the axle just above the frame, a édsivheel diameter of 14” could be
calculated using the following equation.

hrest+ AN — (r-haxie)=2

In this equationhes; is the distance of 3” the bucket extends belowfitime in the transport
position,Ah is the change in height of 4” from transport tovesting positiont is the wheel
radius, andhuye is the height of the axle from the bottom of theie, all resulting in a desired
harvesting depth of 2”. By placing the axle clos¢he framelfae = 2) and substituting the
known values into the equation, we obtain

3+4-r+2=2
r=7

Once the wheel height is set, the horizontal caieo of the harvester frame will be
accomplished by the mounting to the pulling vehicle

The structural rigidity of the frame is not commised by this design. The axle will
mount to the frame using u-bolts that go aroundhttie and fit into the existing holes in the
frame. After assembling the excavator, the teaodée to move the axle forward due to
bending observed in the frame between contact paiith the ground. Due to clearance issues
with the slide assembly, the axle was mounted bét@iframe. However, the digging depth
was greater than anticipated, so digging depthsiillibe within goals.

The wheels selected are Item# 121624 www.northerntool.com These wheels are
designed for use on a wheelbarrow, and should leetalhandle some rough terrain. These
wheels will not be suitable for the lunar enviromas they involve an air-filled tire, but were
chosen for the prototype in the interest of cost.
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Tire Type Pneumatic
Rim Size (in.) 6

Tire Size 13.5x 400 x 6
Diameter (in.) 3/4

Bearings Included Yes

Hub Width (in.) 6

Load Capacity (Ibs.) | 300

Rim Included Yes
Tubeless Tire Yes
Tread Type Ribbed

Shipping Weight (lbs) | 7

Table 9.1 Wheel Specs

Another wheel considered that would not involveaarfilled tire is Model # W-1430-R-1 at
www.hamiltontoncaster.comThough extensive searching was done on the neended
TWEEL, no specifications on sizing or pricing cotiel found.

10.0 MANUFACTURING AND ASSEMBLY PLAN

The facility in which all manufacturing will tak@ace is the central machine shop
located on Auburn University’s campus. This shoptains all machines necessary for the
manufacture of the lunar excavator. This inclutdis and sheet metal bending equipment, as
well as hand tools and measuring equipment. Mosiufiaaturing that takes place will be
milling. In addition to milling, it will be necesasy to bend sheet metal for brackets and other
attachment points. Hands tools will be necessaryajpping and reaming bolt holes, and all
manufacturing will have to take place under exalgrances, necessitating the use of measuring
tools such as calipers. The bucket is made ouhedtsmetal and will be welded. This
necessitates the need for a certified welder. $ormall parts are built to correct toleranceshbot
the person responsible for manufacture and thepeesponsible for the assembly of a part will
be expected to check tolerances. This will inshat all parts meet specified tolerance and
guality, and lack defects.
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Manufacturing Steps:

Linkages will be purchased as close to final desgpossible

Linkage machining will be carried out using mills

Brackets will be made out of sheet metal

Bracket machining will also be carried out usindisni

All machining will take place in the Design and Miacturing Lab

All parts will be measured to insure correct tohm@s before being approved

Bucket will be manufactured out of sheet metal aettied

Assembly Steps:

Frame will be assembled using pre-existing boltgoatand brackets purchased from
80/20

All brackets and attachment points will be connédtethe frame
Linkage sub-assembly will be attached to their eefpe mounting points
Bucket will be attached to rotational and pivotdar

Actuator will be mounted to frame

Actuator and force transfer bar will be &
connected '

Tire axle will be attached to frame
Tire will be attached to tire brackets

Trailer hitch will be attached

Figure 10.1 Assembled Harvester Protgie
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11.0 HARVESTER PROTOTYPE TESTING
11.1 Initial Testing

Introduction:

Testing what has been built is very importanti® design process. It gives the ability to get
immediate feedback as to if what has been builttians and the degree of performance to whichdsdo

function. It also easily allows for making condtuss as to what can be upgraded or improved.
Results:

Initial testing of the system showed large deftatbn the force transfer bar. This deflection was
measured to be about 2.5 inches; a deflection kangegh to call for immediate redesign. The
modification selected was to make the force trarisde larger to decrease deflection. Although this
redesign reduces the damping in the system fronoekdoad, it is necessary to ensure the forcestean

bar does not yield.

The maximum diameter the force transfer bar cais bmited by the interface block on the
slider. It can only be a maximum of 1 inch. Usihg diameter, we found the deflection a linch bar

would experience using the equations below.

S _ &L I =— Equation 11.1

P=
3EI 3EI 4

Wheres is the deflection, L is the length of the forcansfer bar, E is the Young’'s modulus, and 1 is the
moment of inertia of the beam. Because the L,dEtha coefficient of 3 don’t change, they may be

canceled out of the formula reducing it to:

ho2 Equation 11.2

Iy Iz

Using this formula, it was found that a force tfendar of linch diameter would deflect about Cchies.

This is a reasonable deflection and is the finalgtethat we chose.

After this initial test was done, a full test éif @mponents was done. Our first test was to ensu
that each component functioned properly. This meaasured by watching the machine in motion and
making sure each component moved in the way itmeent to. The linkages, actuator, and slider all
moved as designed. The actuator has a tendemstigeao the right on the bolt connecting it to gtieer;
this is being fixed by adding washers in betweensiider block and actuator to prevent the movement

Next, we found all the interfaces for possibleiifgeence. We only found one: the left side of bneket
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(viewing form the front of the harvester) and ttodt lhead connecting the linkage system to the frame
slightly rubbed against each other, preventing admmovement. This was fixed by sanding down the

welds on the bucket, allowing for a smooth transitirom transporting to dumping.

We then began to quantify the performance we hetaeting with the bucket. The dumping
angle was first measured. In our tests, we fohrdanhgle to be 51.1 degrees (all angles are maehsure
relative to the horizontal frame). This allows émmplete removal of the regolith. Next, the digpi
depth was tested. We found the digging depth tarbend 1.7 — 2 inched, meeting our target of atle
.5inches. Also, the angle when digging is 7.7rdeg. Next, the transport mode angle was measiired.
holds regolith at an angle of -13.1 degrees, aligwhe regolith to calmly sit in the bucket withdaifing

out the front.

After the bucket was tested, we moved to the &mtu@ur main tests on the actuator were
concerning the times to which it took to move te positions. We tested the movement from the
transporting stage to the digging stage and thesprarting stage to the dumping stage. We felais w
only necessary to measure these as these wilkeb@aim transitions that the harvester will seee Th
transporting stage to the digging stage took apprately 16 seconds and the transporting stageeto th
dumping stage took approximately 11/5 seconds.ralfe¢hese tests 3 times to get a more precise
judgment of how quickly it moves. The electricabaeers also calculated how much power the aatuato

was drawing, which is approximately 78 W.

The linkage system was the analyzed. First, dflection of the new 1-inch bar was measured; it
only deflected 1/8 inch. Attached are picturesath correct position of the links. The maximuavéd
of the slider is 8.25 inches. There are two pdsdimgle positions, but the linkages will nevetezn
them due to design choices. For the toggle positiadhe digging position, the slider is at the end
cannot move any further. For the toggle positiothie dumping position, the 4-hole gussets chosen

prevent the bucket from moving any further and kibeplinkages from becoming parallel.
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Test 2 3
dumping angle (degrees) 51.1 N/A N/A
digging angle (degrees) 717 N/A N/A
transporting angle (degrees) -13.1N/A N/A
digging depth (inch) 1.7 N/A N/A
transport to digging time (seconds) 1%.516.1 15.8
transport to dumping time (seconds) 11.411.6 111
power drawn (watts) 78 N/A N/A
deflection of bar (inch) 0.125 N/A N/A
angle between links in digging (degrees) 86.9N/A N/A
angle between links in transport (degrees 110.81/A N/A
angle between links in dumping (degrees 168.N/A N/A
maximum travel (inch) 8.25 N/A N/A

Table 11.1 Initial Testing Results
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Figure 11.3 Dumping Forces
Conclusions:

From this testing, we have discovered that ourgtype functions with an empty bucket. While
this is not as helpful as testing with a regolibstitute, it is necessary to ensure that the progoworks
without a substance in the bucket before we attéongity and transport with it. Since we know the
prototype functions, we are no able to move to PRasvhich is test with a regolith substitute.

11.2 Final Testing

Testing of the design as outlined in the MPCO igerify the effectiveness of the
design and obtain objective values on its perfoleearValidating the correct mechanical
operation of the system was paramount. The tesialtso intended to determine whether or not
a blade is necessary for the collection of lundr sthese tests were conducted at the USDA soil
laboratory in rocky, loose topsoil.

Testing Methodology:

The lunar excavator was attached to a gator utibtyicle with a standard trailer hitch. The
actuator was remotely controlled from the grouratieh which was in visual distance of the
excavator. The camera was not ready for integratith the mechanical portion of the design
and was therefore left off in favor of visual inspen. The excavator was lowered into the
dumping position by the ground station. The gatas then driven no more than 50 feet due to
space considerations in the testing area. Atnideoéthe run, the bucket was raised into the
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transport position and driven in reverse to thetisiglocation. In the first round of testing, the
soil was dumped to test the dumping ability of bieket. When that was confirmed, the soil
was instead emptied into a container and weigheitermine the production rate of the
harvester. All runs were timed. Finally, the dgnsf the soil was measured.

Figure 11.4 Digging Testing  Figure 11.5 Dumpingesting Figure 11.6 Density Testing

The granular size of the dirt was fairly large in
comparison to normal dirt and proposed size o
moon regolith. However, the granular size of th
dirt gave it the “loose” quality that we would
expect regolith to be, and thus was a valid
substitute for regolith. The bulk density of the
soil was determined to be 1.9 g/cm3. This was
found using the core-cutter method. The mass
the soil gathered with a coring probe in a know
volume cylinder was weighed, thus allowing thé
density to be calculated. This density is close t¢
the density of regolith (10.5% error), thus
rendering the test valid. Figure 11.7 Dirt Granular Size

Results:

RUN 1

No mechanical problems were in evidence. Theedittacted exactly as planned, spilling over
itself continuously into the back of the bucketisrensured that the maximum amount of soil
was collected. The bucket filled to approximately®lof the height. Slight flexing of the frame
was observed, no causation of performance isssatied.

Time: 1 minute 34 seconds
Weight of soil extracted: 42 Ibs
Production Rate: 1241 kg/hr of Regolith

RUN 2

No mechanical problems were observed. Angle otlkttAoA) for bucket best determined to be
between 5° and 7°. Traction was maintained by Qattt the AoA exceeded 7°.



53

Time: 1:22
Weight: 59.08 Ibs of soil
Production rate: 1490 kg/hr

RUN 3

Time: 1:35
Weight: 77 Ibs
Production rate: 1942 kg/hr

RUN 4

Run 4 was used to determine the effectivenessmpihg of the bucket. The prototype was
operated several times through the complete cordeyierations and then the collected soil
was dumped out of the bucket. The solil restrichedcomplete evacuation of the bucket,
however if a hopper was in place beneath the buthkesoil would not completely dumped out
of the bucket.

Conclusions:

The design met or exceeded all of its mechanicsibdeequirements. The amount of soil
collected far exceeds the system requirementstisexlin the MPCOD. It was possible to
control the excavator from a remote ground stadiod raise and lower the bucket which was
used as a digging implement.

Figure 11.8 Testing Group at USDA Facility
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12.0 FUTURE CONSIDERATIONS FOR LUNAR CONDITIONS & E ARTH
PROTOTYPES

This particular design is for use with earth tegtonly. The lunar environment is quite
harsh. A number of considerations must be consitier make the design capable of surviving
in such conditions. Radiation, temperature swangs$ micrometeorites are some of the
considerations.

In addition to the harsh lunar environment, thagtemust be optimized for the flight to the
moon. Weight and size will be of primary conceeneh

Radiation:

Due to the lack of an atmosphere, a large amdugideation will reach the lunar surface.
Some of the frequencies in this radiation are clgpabdegrading polymers such as plastic.
Therefore it will be necessary to either selecsfnta that will not degrade due to the radiation,
or not use any polymers in the design of the exicava

The solar wind, in addition to providing the madés in the soil that this excavator will
harvest, is also a constant low energy stream micfess that can cause charge to build on the
excavator causing an electrical discharge. Togurethis, the vehicle will have to be grounded.
This can be achieved by making sure the excavatootiinsulated from the chariot rover.

Solar cosmic rays are lethal to both people aadtnic equipment. An early warning
system to detect these rays would have to be ledtaUpon receiving a message warning of a
solar event, the rover and excavator will havedaroved to a radiation protected area. Itis
important that the excavator reach this shelt¢ime, because the solar flare will interrupt radio
communications.

Of primary concern is radiation damage to theted®ic components of the excavator.
Next to biological matter, electronics suffer theshadverse effects of radiation. To prevent
this, all electrical components must be shieldedirated to survive the amount of radiation
expected.

Temperature:

The surface temperatures of the moon are quiteraet At the equator, temperature
swings of 280 K are not uncommon. At the polesengta lunar base will be located, the highs
are not as high, but the lows are lower. Thisddada problem when part of the vehicle is in
shadow and the other is in direct sunlight. A higérmal stress will develop due to the
temperature difference, possibly leading to defaioneof the material. When selecting a
material, the designer must be considerate of thleexpansion qualities. Brittle fracture due to
micrometeorite impact is also a concern.
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Regolith:

Harvesting regolith is the sole reason for thisaator’s existence, but it also presents an
engineering challenge. Regolith is capable oftmating the joints of any of the components.
This is especially a concern on moving parts suctina linkage bearings. To prevent these from
jamming, all bearings must be sealed againstriafés. This will take care of most problems
associated with regolith. Also, a sealing bellovi need to be added to the actuator to keep
dust out of it.

Weight and Size:

Weight will be a primary concern due to the cospuiting objects into earth and lunar orbit.
This can be ameliorated by selecting materialshikg strength aluminum or titanium that have
high tensile strengths and low densities. Thimserative to maintain the structural integrity of
the vehicle, and keeping weight within reasonaiboh$. The size of the vehicle is entirely
determined by the necessary amount of regolitretodilected. If the number is changed from
50 kg/hr, the design can easily be scaled up omdolihe size of the harvester can also be
reduced by changing the current actuator-slideridoation to a slider actuator. This combines
both processes into one system and would reduderigéh of the harvester by 1.5 feet.

Future Considerations:

In addition to these things needing to be changetuhar applications, there are a number of
systems that should be added to increase the tsedifness of the system. A load sensor
should be added to the tongue of the frame as asraampact reduction. When the load
sensor reads a spike larger than 1350 |b, a miotomter immediately shuts the Chariot rover
from forward motion to minimize damage done todb#&iator. Also, the frame needs to either
be constructed from a less flexible material ordse® be reinforced with plates to discourage
bending. This can be done by adding thin alumimplattes to the outside of the 78 inch frame
sections. Also, the bucket can be modified to en¢vegolith from spilling out of the corners.
Side guards can be added slow the amount of raga{pelled from the sides.
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13.0 CONCLUSIONS

The regolith pan is a complete redesign of theiptes senior design group’s lunar
harvester. The goal is to collect 50 kilogramsegfolith per hour for hydrogen reduction, and
from our analysis, we ultimately decided the pradwrld be done more efficiently with a new
design as opposed to the old design with or witloide coils.

This regolith pan is designed to overcome the lprob of the older models while
keeping similar design requirements. The reggéh is designed to complete all of the
requirements of the previous designs while doirigster and more efficiently. These design
specifications are as follows:

1) Shall be designed to conduct studies on earthdable to operate in a Lunar
environment

2) Shall interface with Gator utility vehicle

3) Shall be operated remotely

4) Shall collect and hold at least 50 kg soil per hour

With the new design, we will be able to more aately conduct regolith harvesting
studies on earth and, ultimately, the moon. A& wlt previous designs, it will interface with the
KSC interfacing plate as this is how the regoligmpvill connect to the chariot rover. The pan
will now be controlled remotely from a ground stati allowing for a person on earth to operate
the machine without being in a lunar environmémhen in use, the bucket will collect at least
the required 50 kilograms per hour for the hydrogetuction process. All parts are selected to
work effectively and reliably in a lunar environnten

Ultimately, we chose the regolith pan redesigrr dkie previous design for several
design considerations. First, it is simpler thHag previous process. By combining the digging
and storing concepts into one solution, we are @bieinimize weight and power as compared
to the previous design. From our analysis, weadisted the effectiveness of the vibratory bit
was inconclusive at best and thus decided to e#taiit to also minimize weight and power.

From all of this analysis, we have developed aufanturing plan for our design to be
able to assemble the regolith pan. From the pathave chosen, we are able to edit the design
as needed to maximize efficiency and correct prablese may encounter when constructing the
regolith pan.
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ltem# |[Name Part Quantity Material Part # Cost Supplier
Fasteners $282 98
MNuts $14.72
1 5/16"-18 1 Box (100 count) 66767132 $3.78 MCC
2 1/4"-20 2 Boxes (25 count) 90630A110 $9.78 MCC
3 Smm 1 $0.58 AH
4 Smm 1 $0.58 AH
Bolts $70.75
5 1/4"-20 Thread - 5/16"Shoulder 3.5"long 16 91264A553 $24.80 MCC
5 1/4"-20 1" Long 1 Box (100 count) 91251A542 314.72 MCC
7 1/4"-20 2" Long 5 $3.50 AH
8 1/4"-20 3" Long 2 $0.58 AH
9 1M10-6mm shoulder 60mm long 5 $8.00 AH
10 MEx80mm 2 $2 .50 AH
11 1/4"-1.5"center-center U-bolt 2 $2.75 AH
12 5/16"-18 2" 1 Box (100 count) $8.90 MCC
13 1/4"-20 1/2"dia 3"long 2 $5.00 MCC
Washers $19.43
14 5/16"Screw Size _11/32"Inner Dia, 11/16 Outer Dia 1 Box (50 count) Zinc 98023A030 $8.40 MCC
15 1/4" Washer 1Bag {100 count) $6.43 AH
16 10mm Washer 15 $2.15 AH
17 Smm washer 2 125 AH
18 1/2" Inner Dia 2 120 AH
19 Codder Pins 1 Bag (25 count) 525 AH
Bearings $76 08
20 1" Self Lubricating Bushing 1| Steel/Bronze/Teflon $1058 ABI
21 5/16" Self Lubricating Bushing 30| Steel/Bronze/Teflan 05THOG $67 50 ABI
Brackets $100.00
22 80/20 2 Hole Bracket 16 4302 $47 20 BA
23 80/20 4 Hole Bracket 12 4303 $52 80 BA
Materials $820.19
24 - Frame Rail - 72" §0/20 3 9701 $53.65 BA
25| GatorInterface Beam 2"%x24" 5 Tubing 1/4"Thick 1|AI6063T52 $28.00 oM
26 Bucket Stock 24"%24"x1/2" 1018 Steel Sheet 211018 Steel 1388K181 5462.24 MCC
27| Actuator/slider Interface | 3"x3"x12" Aluminum Stock 1|AI6061 SQ33 $81.00 MD
28 Wheel Axle 34" Dia x 6'Long 4140/4142 Alloy Steel 114140/4142 Alloy Steel [8935K39 $29.97 MCC
29 Linkage Stock 4"x3'%1/2" 4140/4242 Alloy Steel 2]4140/4242 Alloy Steel |6554K323 514712 MCC
30 Force Transfer Bar 1"dia x 3" 1040 Alloy Steel Rod 1141140 Alloy Steel 67767132 $18.21
- Tools $440 33
Solid-Carbide Fractional Chucking Reamer 3/8" Dia (.3750"), 3-1/2" L O'all, .3745"
31 Shank Dia 2 3026A37 $122 58 MCC
32 Jobbers Twist Drill Bit Black-Oxide, 3/8" Size, 5" L Overall, 3-5/8" L Flute 8 2931A34 $27.52 MCC
Solid-Carhide 2 in 1 Countersink Trade Size 2, 5/64" Drill Size, 3/16" Body
33 Diameter 1 2925A54 $19.55 MCC
Bright Finish High-Speed Stl Spiral Point Tap 1/4"-20, H3 Pitch Diameter, 2 Flute
34 1 2523A411 $505 MCC
35 Cold Saw Blade {180} 1 4190A61 $92.97 MCC
36 Wert. Band Saw Blade 1 4179A316 $4326 MCC
37 Horz. Band Saw Blade 1 4179A979 $55.05 MCC
38 5/8" 2-Flute End Mill 4 2T82ATT $22.05 MCC
39 1/2" 4-Flute End Mill 1 8912A45 $26.12 MCC
40 1/4" 2-Flute End Mill 1 §909A41 326.18 MCC
Parts $230.83
41 2" Ball Hitch 1|Zinc 63831 §7.45
42 2" Quick Release Ball Hitch Mount 1 21128 $15.90 AAC
43 Blue 160z Layout Fluid 1 $7 61
44 Wheelbarrow Assembly, 3/4in. Bore — 13.5 x 400 x 6 2 121024 $49 88
45 11 13/16 Stroke 1350Ib 12volt Actuator 1 125012 $149.99 NTE
Total Cost  [$1,774.33

MCC - Mc Master Carr

BA - Bertelkamp Automation

AAC - Automotive Accessories Connection
OM - OnlineMetals.com

T - Tolomatic, Inc.

TPS - Trailor Parts Superstore

NTE - Northern Tool + Eguipment

MD - MetalsDepot.com

ABI-Alabama Bearing Inc.

AH - Auburn Hardware
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Manager’s Project Contract of Deliverables

NASA - Corporation 4
Jack Becker, Joe Bryant, Alan Gaskins, Bryant HalBsJenkins,
Luke Weniger and Phillip Young
January 29, 2009

o] The prototype shall be designed to conduct stuzhesarth — Observations about
adapting to space environment shall be includethduesting phase.

o] The prototype frame shall be constructed using@@iadular aluminum struts and
brackets for easy interfacing and manufacturabilitierever applicable — prototype
frame shall be able to be adjusted to provide diffehorizontal orientations.

o] The prototype shall interface with Gator utilityhiele — the interface between prototype
and the Gator shall have horizontal and vertic&tronal movement (spherical joint) to
accommodate a turning radius and a raising ragas (notion required for “trailing”
Gator). A solution for interfacing with the charimiver interface plate shall be designed
and ready to manufacture.

o] The prototype shall collect and hold at least 5@ per hour — This performance goal
will be measured visually while attached to Gatitlity vehicle. The camera attached to
prototype shall also be used to check performanag &rom immediate vicinity. The
prototype shall be able to accommodate a cuttiagébomounted on the front edge of the
bucket, but shall go without blade for prototypstiteg. If wear is excessive, or bladeless
prototype is ineffective, a blade will be attaclaed testing resumed.

o] The prototype linkages shall be able to move buttkend support at three desired
mechanical positions — Shall provide rigidity tgging, shall remove all pseudo-regolith
from bucket during dumping, and shall keep psewdmiith from spilling during

transport.

o] The prototype linkages shall allow variable diggdepth that includes the range of 1-5
cm.

0] The prototype shall integrate Electrical Enginegsnbsystems into the mechanical

design. Final prototype shall be able to accomnedhtelectrical systems after final
assembly and physical testing is completed. Thtopnoe shall utilize linear actuator
from first generation Lunar Excavator.

o] During testing, improvements shall be made to degigncrease and maximize
production rate. The most efficient prototype desigll be determined.
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Proposed Schedule:

Stage 1: Initial Manufacture, Assembly, and Testing
Manufacture:
1. Bucket side/back/bottom
2. Linkages
3. Frame Cuts
Assembly:
1. Frame
2. Linkages (Press fits, Linkage Subsystem)
Testing:
1. Rigidity of Frame
2. Rotation and Clearance of Linkages
Other:
1. Send Bucket off to be welded
2. Purchase all fasteners and miscellaneousissgpicluding sod blade)
Stage 2: Secondary Manufacture, Assembly, andrigesti
Manufacture:
1. Linkage Interfacing Rod
2. Axle Rod
Assembly:
1. Frame and linkages, Frame and actuator
2. Wheel Assembly
Testing:
Functionality of all assemblies
Stage 3: Final Manufacture, Assembly, and Testing
Manufacture:
Gator Interfacing Tube
Assembly:
1. Frame and Bucket Assembly
2. Frame and Gator Interfacing Tube
3. Frame and Electrical Systems (camera, Wiktr},
Testing:
1. Manual actuation of mechanical components
2. Motorized actuation of mechanical components
Final Testing:
Full testing at USDA with Gator Utility Vehiclécluding Electrical Systems



