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ABSTRACT

A fast growing approach in determining the best
design concept for a problem is to hold a competition
in which the rules are based on requirements similar
to the actual problem. By going public with such
competitions, sponsoring entities receive some of the
most innovative engineering solutions in a fraction
of the time and cost it would have taken to develop
such concepts internally. Space exploration is a
large benefactor of such design competitions as seen
by the results of X-Prize Foundation and NASA
lunar excavation competitions [1].

The results of NASA’s past lunar excavator
challenges has led to the need for an effective means
of collecting lunar regolith in the absence of human
beings. The 2010 Exploration Systems Mission
Directorate (ESMD) Lunar Excavation Challenge
was created “to engage and retain students in
science, technology, engineering, and mathematics,

or STEM, in a competitive environment that may
result in innovative ideas and solutions, which could
be applied to actual lunar excavation for NASA.”
[2]. The ESMD Challenge calls for “teams to use
telerobotics or autonomous operations to excavate at
least 10kg of lunar regolith simulant in a 15 minute
time limit” [2].

The Systems Engineering approach was used in
accordance with Auburn University’s mechanical
engineering senior design course (MECH 4240) to
develop a telerobotic lunar excavator, seen in Fig. 1,
that fulfilled requirements imposed by the NASA
ESMD Competition Rules. The goal of the senior
design project was to have a validated lunar
excavator that would be used in the NASA ESMD
lunar excavation challenge.

Figure 1: Excavator at NASA competition
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INTRODUCTION

The systems engineering design process involves
following the Vee Chart, seen in Fig. 2, and applying
the 11 system engineering steps, seen in Fig. 3,
throughout the Engineering Design Process.

& | Pre-Phase A: Concept Studies .

Mission Objectives + System Demonstration
z Multiple System RIAIC concepts and Validation
H \ /
] A Deve Phase D(3):

Single System RIAIC Integrate Subsystems and
E ‘Mm:: WMNH«TWMM
2 \
] Phase B: Preliminary Design

Phase D(2): SAITL

To Subsystems-level R/A/C +

§ Ietartacing +Tachnology Comoletk Integrate Components and Verify Subsystems
+ Verification Plan

Phase C(2): Fabri
Fabricate [Procure Hardware and Code Software

Domain of Engineering
_/
T

i‘

Figure 2: Systems Engineering Vee Chart [3]
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4 ) | 10. Configuration Mngmt
Requirements | 'V :
i 11. Reviews
X
O\ LA

5.validate and Verify "'\, \_-,f C 5.Validate and Verify

Output: Proceed to
next Phase, ending at
Operations (Phase E)

Figure 3: 11 Systems Engineering Functions [3]

The senior design course at Auburn University
consists of splitting the systems engineering process
into two consecutive semesters [4]. Pre-Phase A
through Phase B of the Vee Chart typically occur in
the first semester of senior design, and Phases C

through D of the Vee Chart occur during the second
semester of senior design [4].

The ESMD Challenge has been an ongoing
project at Auburn University. Team Pumpernickel
came onboard the ESMD Challenge project after
Pre-Phase A through B had been completed. The
previous group had designed and fabricated a
prototype excavator for investigation of technology
issues.

The prototype excavator underwent testing on
“E-Day” at Auburn University, but it was decided
that the prototype could not meet competition
requirements by 24 May 2010. Team Pumpernickel
decided the system requirements would best be met
after redesign of the critical excavator subsystems.
The overall Architectural Design and Concept of
Operations remained the same in an effort to save
time.

It is the goal of this paper to show the usage of
systems engineering throughout the design and
fabrication process of Team Pumpernickel’s lunar
excavator for the 2010 ESMD Lunabotics Mining
Competition.

SYSTEMS ENGINEERING
Mission Objective:

The mission of this group is to enhance the
prototype Lunar Excavator built by the previous
design group. The excavator is designed to compete
in the NASA ESMD Lunar Regolith Excavator
Competition. The competition calls for a telerobotic
lunar regolith excavator to compete for fifteen
minutes.

Mission Environment

The environment for the excavator is
theoretically the surface of the moon, however for
competition purposes the environment will be a
simulated lunar surface in a controlled climate on
site at the Kennedy Space Station in Orlando, FL.

System Requirements

The fundamental system requirements were
provided by NASA in the form of official field, game
play, and technical rules for the ESMD mining
competition, seen in Appendix A. Other system
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requirements were derived in addition to the ones
providled by NASA based on Functional,
Performance, Interface,  Verification, and
Supplementary requirements of the system. A list of
the most important derived system requirements can
be seen in Table 1.

Table 1: System Requirements

The excavator shall collect, transport, lift, and
F| deposit the lunar simulant

The excavator shall be
F| telecommunications

operated  via

The excavator shall collect at least 10kg of
P| simulant in 15 minutes

The excavator shall lift the simulant at least one
P| meter above the surface of the playing field

The communication system shall interface with
I| NASA’s wireless network

The prototype excavator shall be tested according
to the functional requirements on or before 26
V| February 2010

The final design of the system shall be verified
according to the Competition Rule Book
V| requirements on or before 03 May 2010

The excavation hardware must be equipped with
S| an emergency stop

The excavation hardware must be able to operate
under semi-lunar like conditions as described by
S| Rule 25 of the Competition Rule Book [2]

The excavation system shall be designed,
S| fabricated, and verified using less than $5000.00

The requirements for each subsystem and subsequent
component were derived from the system
requirements and will be discussed in further detail
in each subsystem’s appropriate section.

Concepts of Operations

The system was initially divided into two fields:
Mechanical and Electrical, and the system Con-Ops
were developed based on the system requirements.
The mechanical Con-Ops were derived based
primarily on the functional requirements in Table 1
and can be seen in Fig. 4.

Dig / Collect
| Regalith Simulant

Transport Simulant Traverse to Mining
to Collection Bin | Area

| Deposit Simulant in

Collection Bin

Figure 4: Mechanical Con-Ops

The resulting mechanical system Con-Ops were
Traverse and Dig/Transport/Deposit. The Electrical
Con-Ops were derived based primarily on functional
and performance requirements in Table 1 and can be
seen in Fig. 5.

i g
| Initiate
Communications

| Recieve
Sg::‘;‘::‘t‘;:l | Telecommuncation
| Feedback

Figure 5: Electrical Con-Ops

Major Reviews:

Team Pumpernickel came onboard the ESMD
project after the Mission Concept Review (MCR)
and the Mission Design Review (MDR) as they had
already taken place on the prototype excavator
system. Team Pumpernickel made a key decision
point after prototype testing which involved the
redesign of the critical excavator subsystems. This
was decided after cost/benefit analysis was
performed on the proposed prototype modifications.
Team Pumpernickel began construction of a new
excavator immediately after prototype testing. Team
Pumpernickel conducted a Preliminary Design
Review (PDR) for the new excavator on 26 March
2010, which can be seen in Appendix B. The PDR
addressed problems pertaining to the excavator and
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how system requirements would be met.  The
Critical Design Review is scheduled to take place on
3 May 2010 and the Readiness Review is scheduled
to take place on 15 May 2010. The Critical Design
Review will address remaining design proposals, and
the Readiness Review will address remaining actions
required for preparation of the ESMD competition

Interfaces

Before each subsystem was designed in detail, a
list of interfaces was drawn up so that each team
member knew how his subsystem and component(s)
would have to interact with others. This interaction
was accounted for in the design of each subsystem
and consequently each component by becoming a
derived requirement. All interfaces were broken
down into five categories dependent on what two
components were being interfaced, a table of
interfaces can be found in Appendix C. The five
categories where:

e Mechanical to Mechanical

e Mechanical to Mechatronic
e Mechanical to Electrical

e Electrical to Mechatronic

e Electrical to Electrical

Architectural Design and Development:

The overall architectural design of the excavator
was developed using functional analysis of the Con-
Ops of the excavator. The resulting architectural
design included a Drive, Digger Arm, Frame, and
Communication and Control subsystems.  The
architectural design layout can be seen in Fig. 6.

Communication /
Control

P Digger Arm

Lunar Excavator

Drive

Figure 6: System Architectural Design

Frame Subsystem.

It was decided to use a frame system to which
cach subsystem could be attached and interfaced.
The final frame proposal resulted in a body-on-frame
design composed of 8020 Inc. aluminum
components and aluminum exterior body panels.

The main focus for the new design of the frame
subsystem was driven by increasing rigidity of the
frame subsystem. This requirement was derived after
the testing of the prototype excavator and the
interfacing of the other subsystems. The prototype
excavator’s frame was composed of thin wall carbon
fiber tubes joined by G-10 Garolite. The weak
nature of hollow tubes caused deformations, as seen
in Fig. 7, and the prototype frame subsystem did not
meet rigidity requirements even after steps were
taken to remedy such issues.

—_—

Figure 7: Buling Carbon Fiber Tube at Drive
Interface of Bearing Mount

The main focus for the new design was driven by
increasing rigidity of the frame subsystem. Other
driving derived requirements for the frame
subsystem were:

The frame shall not weigh more than 30kg
o Derived from the overall weight

requirement of the excavator system
as per NASA Competition Rules [2]
e The frame shall not exceed 19.5”
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o Derived from the overall width
requirement of the excavator system
as per NASA Competition Rules [2]
e The frame subsystem shall be fabricated on
or before 17 March 2010

The product hierarchy, seen in Fig. 8, was
developed after analyzing the requirements imposed
on the frame subsystem.

Onboard |
| Controller Mount |

Body Panels |
s { Battery Mount
i { ' i |
'} Frame Chassis s ———

] IR Sensor Mount |
Com / Control S
Interfacing

Antenna Mount

| E-Stop Mount

; Camera Mount
|
Figure 8: Frame Subsystem Product Hierarchy

Trade studies were conducted after the basic
architectural design for the frame subsystem had
been laid out. The most important trade study
involved an investigation of Super Droid Robots,
Inc. HD2 Treaded Tank Robot seen in Fig. 9 [5].

Figure 9: Super Droid Robots, Inc. HD2 Treaded
Tank Robot [5]

The HD2 Robot consists of a welded aluminum
frame to which the HD2 drive and control
subsystems are interfaced [5]. One possibility for
the design of not only the Frame but also the Drive
and Com/Control subsystems of the new excavator
involved purchasing the prefabricated HD2 Tank
Robot. This option was deemed not feasible due to
the price of the HD2 Tank. The HD2 Frame, Drive,
and Com/Control subsystems would cost over
$6000.00 in order to meet system requirements. This
cost would not include the addition of the Digger
Arm subsystem. Super Droid Robots, Inc. offers
other smaller and less expensive prefabricated
treaded tank robots, but these were deemed not
feasible due to the inability to meet the performance
requirements of the excavator system.

It was determined to design and fabricate a new
frame after the trade studies were complete and after
verification of the prototype excavator. The basic
architectural layout was determined to mirror the
prototype excavator’s layout in order to reduce the
design time. The driving requirement for the new
frame design involved increasing frame rigidity.
The design of the frame subsystem was based on

e Developing a decision matrix for determining

the material to be used

e Conducting fabrication feasibility tests for

frame joining options

e Researching the underlying design motives of

the selected material for interfacing of other

subsystems.

The material choices for the new frame consisted of
either reusing old 8020 Inc. aluminum
(www.8020.net) or using new steel. The size and
profile of the steel was chosen such that weight of
the steel components equaled the weight of the 8020
components. It was decided to use 8020 Inc.
aluminum after constructing a decision matrix,
which can be seen in Table 2.
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Table 2: Frame Decision Matrix

8020 Steel Importance

Material Feature

Rigidity / Strength 4.5 5 5

Ease of Interface 5 4 4

Cost 5 4 4

Use of Fasteners | 4 3

Ease of Fabrication 5 3 4

Use of salvaged parts 5 1 5
IRl 110.5 86

Importance: 1 = Negligible, 5 = Significant
Material Capability: 1 = Poor, 5 = Excellent

The method for best joining the 8020 frame
components was analyzed based on fabrication
feasibility tests and the original intent of design for
8020. 8020 was originally designed to be bolted
together, eliminating the need for welding [6].
Welding components, however, is lighter than using
fasteners as with traditional 8020. The option of
welding 8020 was eliminated after welding tests
revealed extreme difficulty in welding.

The inherent design of 8020 was not only to
eliminate welding and provide an easily fabricated
base frame, but also to provide ease of attaching
other components or subsystems to the base frame
[6]. This was an influencing factor in choosing 8020
because it lent the easiest interfacing between the
frame and the other subsystems. The Drive and
Digger Arm subsystems need only take into account
the available connecting options as quasi
requirements.

The design of the body was based primarily on
past prototype verification. The prototype
verification revealed a lack of structural integrity
between the interface of the Prototype Drive and the
Prototype Frame subsystems. The resulting design
of the body panels consisted of using aluminum
sheet panels riveted to the base frame. The rivets
were staggered providing greater structural strength
to flat plate bending. Additional design decisions
were made in an attempt to improve the Prototype

Drive and Prototype Frame interface which will be
further discussed in the Drive Subsystem section.

The aluminum sheet metal was determined
satisfactory for serving as a base mount for the
Com/Control subsystem. Proper steps need only be
taken to ensure insulation for the Com/Control
subsystem and to ensure wireless antenna reception.
Battery mounts would be similar to the HD2 Tank,
since the excavator batteries are identical to the HD2
Tank batteries. The controller and other PC boards
would be mounted in the middle of the cavity in a
similar fashion to the HD2 Tank, and the required
kill switch would be added at a later time.

The resulting frame design consisted of a body-
on-frame design fabricated out of salvaged 8020 Inc.
aluminum HT slot frame parts joined using
traditional fastening options (nuts and bolts) and a
new aluminum sheet metal body. The resulting

complete chassis can be seen in Fig. 10 and the body
panels can be seen in Fig. 11.

Figure 10: Body-on-Frame design for the Excavator
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N
Figure 11: Body Panels for Frame Subsystem

The frame components and subsystems were
verified before manufacturing based on component
mating, overall dimensions, structural integrity, and
approximate weight using Solid Edge. The
components were then manufactured and installed
piecewise. The resulting frame subsystem can be
seen in Fig. 12.

=
Figure 12: Assembled Frame Sub

el
system

The interfaces of the Frame subsystem with the
Drive and Com/Control subsystems were verified,
and will be discussed in the “Subsystem -
Subsystem Verification™ section. A bill of materials
for the frame subsystem can be found in Table D.1 of
Appendix D.

Drive System:

In order for the excavator to complete its tasks it
must be able to move. Additionally with the
excavator weighing as much as it does or can the
drive system must also be robust. The outcome of the
design process led us to settle on a simple track drive
system. The system consists of one tread for each
side, along with one motor per wheel; giving us a
total of four motors. The power transmission is
achieved by employing a chain and sprocket gear
system. The main advantages to this system are zero
degree turning radius, ability to traverse multiple
terrains, and simplicity of design.

The main focus for the drive subsystem was
driven by increasing the turning torque provided by
the motors during zero degree turns. Other driving
derived requirements for the drive subsystem were:

e The drive wheels shall not be mounted

directly on the motors

o The treads shall be properly tensioned and

aligned

¢ The wheel shafts shall be supported such that

they experience minimum deflections

The product hierarchy, seen in Fig. 13, was
developed after analyzing the requirements imposed
on the drive subsystem.

Motors
Motor Mounts
' Drive e ——
Motor To Wheel:
Power

Transmission

Motor To
Ground: Power
Transmission
S

Figure 13: Drive Subsystem Product Hierarchy

Once the product hierarchy and interfaces were
derived the design of the drive system was
undertaken. The first thing that needed to be done
was to assess the performance of the drive system
that the prototype excavator used. The prototype had
two motors that were directly attached to two drive

10 Copyright © 2010 by “Team Pumpernickel”
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wheels that drove the treads. The vehicle turned by
simply having one side go forward while the other
side goes in reverse, this type of steering is called
skid steer. Additionally the prototype had both
motors mounted directly to the side panels with no
internal support. Once the system was finally
installed in accordance with the previous design it
was obvious that the design would not work, there
was too much deflection in the system which made it
impossible for the treads to remain on the wheels for
any substantial amount of time. An example of such
deflection is shown in Fig. 14

Figure 14: Shaft Deflection on Prototype

The main issues arose in the mounting of the
motors, power transmission, and the mounting of the
drive shafts. Solutions to all of these problems were
discovered and will be discussed shortly. “E-Day”
was used for verification purposes; the performance
of the excavator was sub-par to say the least. Now
that a base had been established for the drive system
and it was noted that a new design was required. The
next task was brainstorming and coming up with
several options; then narrowing those down to a
group that are both feasible and efficient in providing
the motion for the excavator. Once brainstorming
was complete and the list narrowed only three
options remained.

e Improving upon the treaded design that was

employed on the prototype
e Changing to a traditional drive system similar
to what most cars employ

e Switching to a multi-wheeled system that
uses skid steer for turning

As mentioned, one choice was a traditional drive
system similar to what most cars use today. What
this would entail is a four wheel system with the rear
two wheels being driven by independent motors and
the front two wheels would be the steering wheels,
and would turn just like the front wheels in a
traditional automobile. The power transmission from
motor to drive wheel would be accomplished by a
chain and sprocket system. A major cause for
concern was the design of the steering linkages, with
the timeline being what it is for this project a
complete design of a complex steering system would
be impractical. Additionally with only four wheels a
limited amount of surface area for the excavator to
ride on, this could permit the excavator to sink into
the regolith and render it motionless. Lastly, and
maybe the most important argument against this
design is cost, this design does not call for the use of
many parts, if any from the prototype. Taking into
account these three main concerns it was decided
that this design was not a good fit for this application
so it was discarded.

The other alternative discussed was a multi
wheeled system that uses skid steer. This system is
similar to the previous alternative in that it uses four
wheels to support the weight of the excavator and
two motors to provide the power; however where
this system differs is in the steering. This design calls
for the use of skid steer, which as discussed earlier is
the use of differential velocities to turn a vehicle.
The main concerns with this design were the lack of
surface area, also there was large concern about
turning in regolith with this system. Since it only has
two motors when the excavator went to turn it was
believed that it would simply dig itself into the dirt
since the front wheels would essentially dig into the
regolith instead of skidding over the top as desired.
This system also required for all of the parts to be
purchased and most of the parts from the prototype
to be scrapped. Taking into account the budget and
the concern over turning it was decided that this
system too was unacceptable.
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The next step was developing a detailed design
of the drive system and components after an
architectural design had been decided. Since a tread
system was to be employed many of the parts from
the prototype were able to be salvaged. Among
those parts was a tread set that the previous group
had purchased along with the wheels that were
machined to match the timing of the treads. Also
able to be taken were the two motors that they had
purchased to drive the treads. The previous team had
purchased a set of treads from Super Droid Robots,
Inc as seen in Fig. 15 and instead of purchasing the
wheels as well they machined them in our on-
campus machine shop.

Figure 15: Tread Set Porchased:

Now is really where the design of the current
system began, as mentioned above there were some
major issues with the prototype system that had to be
corrected. So the initial task was to solve those
issues so that the system could be tested to set a
baseline for performance. There are several key
solutions that are implemented in the current design
to eliminate the issues that were experienced with
the prototype. Among those are internal motor
mounts to eliminate motor deflections, the side panel
which serves as the interface between the drive and
frame systems, being made out of aluminum in order
to reduce deflections, and also the addition of a chain
and sprocket power transmission system. The chain
and sprocket is by far the most crucial addition, the
old design would not produce enough torque for the
excavator to turn on any practical surface. The
motors that were installed in the prototype were

decided upon by looking at how fast they could
propel the excavator strictly forward and reverse so
it had great speed but could not turn. So in order to
increase the torque a 10 tooth drive gear, 30 tooth
sprocket, and 10 feet of #35 ANSI chain were
purchased and installed in the system as shown in
Fig. 16 and Fig.17.

Figure 17: Installed Wheel Sprocket with Chain

This not only produced a 3:1 reduction in the
drive system but also allowed for the motors to not
be directly mounted to the drive wheels, which was a
design requirement. Now that the drive wheels were
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no longer mounted directly to the motors the issue of
shaft deflections could be easily addressed, the
solution that was chosen was to use solid shafts that
would run the width of the excavator, both the driven
wheels and the un-driven wheels would ride on these
shafts and spin freely. The last of the major issues
with the previous design was the tension of the
treads; the supplier was contacted and provided the
information on the amount of tension the treads
should be under. Next a tensioning system was to be
designed that would keep a constant tension in the
system. The result was an idler pulley attached to a
rotational spring that would allow for flexibility in
the treads while still keeping them in constant
tension. This design can be seen in Fig. 18. So
through these design alterations and additions all of
the initial concerns with the design were resolved.

L

Figure 18: Design of Tensioning Device

Once the system was installed it was taken for a
test run and performed admirably on most surfaces,
however the excavator still experienced some
difficultly turning in rougher terrain. In order to
address this, the design was revisited and several
trade studies were performed. The ultimate decision
made was to purchase two additional motors
resulting in the excavator having all four wheels
driven. This would provide more than adequate
turning torque in all surfaces. Since part of the
design of the frame was for it to be “open” there was
plenty of room for this addition. A full bill of

material for the drive system can be found in Table
D.2 of Appendix D.

Unfortunately, since the drive system has not
been entirely installed the verification of it has yet to
be fully preformed. However through previous tests
and trade studies this design is thought to be
sufficient for any terrain that the excavator could
experience, on this planet or any other.

Digger Arm:
The design of the Digger Arm subsystem was driven

by the following derived requirements:
e The Digger Arm shall lift the simulant at
least Im
e The Digger Arm shall collect at least 10 kg
e The Digger Arm shall be fabricated with
salvaged parts

The product hierarchy, seen in Fig. 19, was
developed after analyzing the requirements imposed
on the Digger Arm subsystem.

Bucket
L“——‘—"f
i 2 AF

Actuator

Digger Arm

Bucket
~ Actuator

Figure 19: Digger Arm Subsystem Product
Hierarchy

The Digger Arm subsystem was separated into two
components, the Arm Boom and Bucket
components.

Arm Boom:
The design of the Arm Boom subsystem was driven
by the following derived requirements:

e The pivot point of the bucket subsystem shall

lift higher than 1.15m
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e The Arm/Boom actuator shall not exceed
1300 Ibs dynamic load

There were many concepts of the digger arm
which were sorted through for a possible design. The
forklift, overhead scoop and dump, front end loader,
and back hoe were all designs which were under
consideration as a possible design to use on the
excavator. The Forklift is front heavy and consisted
of many parts. The overhead scoop and dump
required a greater field of vision and is likely to miss
the dumping bin. In order to operate the back hoe,
the excavator had to be very heavy; it required more
actuators, and a smaller bucket. Considering the
alternatives, the team decided to use a front end
loader.

We designed the front end loader to be simple
and effective. After the design of the first concept, it
was noticed that speed was a huge problem. This
problem was caused mainly because of the height
where the bucket arm is pivoted in accordance to
where it is pivoted on the bucket, see Fig. 20.

N
Py
Figure 20: Prototype Arm Design

To have a design which could handle the moment
caused by an instant stop of the excavator while it is
traveling at full speed and also rise faster than the
conceptual design, the height of the arm’s pivot
position must be reduced, see Fig. 21.
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Figure 21: Proposed Arm Design

Reducing the height of the pivot position caused
other problems which had to be solved. One problem
was not being able to reach the dumping bin.
Because of the reduced height of the pivot position,
when lifting the arm we needed a longer length to
reach the dumping bin. This was a simple solution
but the longer length causes us to have to use a
shorter bucket because of the length restrictions in
the rules of the competition. If we position the
shorter actuator accordingly, we are able to make the
rise time three times faster, load size heavier, and
also maintain a stop of the excavator when traveling
at full speed. The actuator which we currently have
is offered with a shorter stroke length but
unfortunately, it is on backorder and will not be
available before the subsystem design deadline. Fig.
22 shows the assembly of the arm on the frame and
the shorter actuator.

Figure 22: Proposed Arm Interfacing

For competition deadlines, we were able to come
up with a design which could use our current
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actuator while the shorter actuator is being ordered.
To do this we increased the height of the pivot which
is used to connect the actuator to the arm. A Bill of
Materials may be found in Table D.3 of Appendix D.

Bucket:

The bucket system’s derived requirements stem
from the requirements imposed upon the Digger Arm
subsystem and the Prototype Excavator Bucket
subsystem. The prototype bucket design consisted of
a Garolite G-10 bucket that was attached to the main
arm via a steel shaft as seen in Fig. 23.

Figure 23: Prototype Bucket Design

This design was not verified due to the Prototype
Frame and Drive subsystem testing. The design,
however, was believed to have insuffici