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Abstract

This paper involves the design of the Lunar Lander Ground Support System (LLGSS).
The basic design time line is around 2010-2030 and is referred to as a second generation
system, as lunar bases and equipment would have been present.

Present plans for lunar colonization call for a phased return of personnel and materials to
the moon’s surface. During the first phase, a basic base will be set up with power supplies,
basic supplies, and various necessary equipment. The original base personnel would then land
at the base(s) and stay for a period of roughly 30 days and return to earth. Shortly after
that, a second group would land at the base(s) and stay for periods of 60 to 180 days and
would perform long term experiments in an effort to prepare for future explorations.

During these times, the lunar lander is stationary in a very hostile environment and would
have to be in a state of readiness for use in case of an emergency. Cargo and personnel would
have to be removed from the lander and transported to a safe environment at the lunar base.
An integrated system is required to perform these functions.

This project addresses these needs centering around the design of a lunar lander servicing
system. The servicing system could perform several servicing functions to the lander in
addition to cargo servicing. The following were considered: 1) reliquify hydrogen boil-off, 2)
supply power, and 3) remove or add heat as necessary.

The final design incorporates both original designs and existing vehicles and equipment on
the surface of the moon at the time considered. The importance of commonality is foremost
in the design of any lunar machinery, due to the extreme expense of placing such machinery
on the surface of the moon.

The FAMU/FSU Senior Aerospace Design was funded through USRA (University Space
Research Association) as a two semester research project involving ten Senior Aerospace
engineering students. The group consisted of seven members of the mechanical discipline and
three of the electrical discipline.
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1. Introduction

1.1 Project Background Description

This year’s project, like the previous Aerospace Groups’s project, involves a lunar trans-
portation system. The basic time line will be in the neighborhood of the years 2010-2030
and will be referred to as a second generation system because lunar bases will be present.
The project design completed this year is referred to as the Lunar Lander Ground Support
System (LLGSS). Not many projects have been attempted in this area due to the fact that
it involves the design of a system that is not nearly as glamorous as it is necessary.

Present plans for lunar colonization call for a phased return of personnel and materials
to the moon’s surface [1]. During the first phase, a base will be set up with power supplies,
basic supplies, and various necessary equipment. The first base personnel would land at the
base(s) and stay for a period of roughly 30 days and return to Earth. Shortly after that, a
second group would land at the base(s) and stay for periods of 60 to 180 days and would
perform long term experiments in an effort to prepare for further explorations in the future.
At these times, the lunar lander will be stationary in a very hostile environment and will have
to be in a state of readiness for use in a contingency plan in the case of an emergency. Cargo
and personnel will have to be removed from the lander and transported to a safe environment
at the lunar base. This project addresses these systems and the problems encountered.

The interaction of the following three types of vehicles will have to be analyzed:

- A reusable lunar lander
- A servicing vehicle
- A transportation vehicle

The basic operational scenario is as follows: A lunar lander descends from a transportation
node in LLO (Low Lunar Orbit) to the surface and lands at a prepared area close to the base.
The transportation node will be a stopover point for the lander delivering vehicle traveling
from Earth to the moon. A transportation vehicle will then bring out a servicing vehicle to
be attached through umbilicals to the lander. The cargo or personnel would be removed and
transported the distance from the landing pad to the lunar base. Some of the transferral
operations will be performed through the use of remotely operated cranes or robots, referred
to as teleoperations. Once the personnel or cargo items have returned to the base, a “servicer”
vehicle will keep the lander in a state of readiness.

The lander will be of a similar design to lunar landers of the Apollo era. It has been
stated in various reports that a reusable lander that burns liquid hydrogen and liquid oxygen
would be necessary for such missions. The lander will be able to perform standard docking
functions with an orbital lunar node.

The servicer will serve several servicing functions to the lander, the following are sug-
gested: 1) reliquify hydrogen and oxygen boil-off, 2) supply power, and 3) remove or add
heat as necessary. A drive system would be unnecessary for a “vehicle” that would be immo-
bile a majority of the time.



The transport vehicle will be made to operate manually or through the use of teleopera-
tions and robotics. Tt will serve the dual purpose.of carrying the servicer out to the landing
pad and transporting cargo or personnel back to the base. The basic configuration will be
similar to that of a lunar roving type vehicle.

A great deal of practical engineering was applied to the various systems and interactions of
the project. Several NASA and contractor personnel showed interest in particular areas of our
proposed project. None of the personnel contacted had seen a detailed design and analysis of a
project involving many systems interacting between three vehicles such as ours. Specific areas
of interest of industry personnel included: 1) vehicle interactions; 2) vehicle interfaces and
associated procedures; 3) heat rejection while on surface; 4) fuel storage and reliquification
procedures; 5) radiation protection; and 6) dust problems in all systems. Practical knowledge
of materials selection, heat transfer, electrical engineering, and structure design can be applied
to most aspects of the project.

1.2 Emphasis of Design

The area chosen for analysis encompasses a great number of vehicles and personnel. The
design of certain elements of the overall lunar mission is a complete project in itself. The
fundamental design of bases, lunar landers, heavy moving vehicles, lunar nodes, and earth to
moon transportation systems are extensive projects in their own right. It is for this reason
that the project chosen for the Senior Aerospace Design is the design of specific servicing
vehicles and additions or modifications to existing vehicles for the area of concern involving
servicing and maintenance of the Lunar Lander while on the surface.

The design of certain vehicles and structures not directly related to but interfacing with
the servicing system was assumed. Examples of the vehicles and structures that were con-
sidered as outside design parameters that the Lander servicing system depended on are as
follows: Lunar Lander, Lunar Orbiting Node, Space Transportation System, central lunar
base systems, and lunar heavy moving vehicles.

The most plausible design for a lunar lander for the years 2010-2030 was found in a
conceptual lunar lander report by Eagle Engineering [2]. The report describes a second
generation single stage lunar lander and the related physical parameters. The lander is taken
as a reusable vehicle powered by liquid hydrogen and liquid oxygen chemical rockets. The
basic design is shown in Fig. 1.1 . All other significant parameters are assumed as given from
this and similar reports. A large number of reports on base designs exist. The general layout
varies a great deal from one report to the next, but the content and ideas are the same.
The lunar bases previously designed exist across a broad spectrum ranging from exposed
rectangular structures to completely buried cylindrical structures. A typical design used for
the Aero group’s servicing system project is one found a second Eagle report [3]. The basic
structure is one of a series of cylindrical pressurized structures attached together (see Fig. 1.2
) and partially buried under regolith.

The current examples of Space Transportation Systems (STS’s), or Space Shuttles, were
extrapolated or used “as is” for design parameters to consider during the synthesis of a lunar
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lander servicing system. The particular STS configuration considered dictates the aspects of
any lunar surface design through limitations on geometry, mass, and safety issues.

Many examples of predicted designs for second generation lunar surface vehicles exist.
The basic operations are modified for operations pertaining to lunar lander sérvicing. The
designed vehicles in this project take advantage of existing vehicles when possible and involve
heavy modification where necessary. A primary concern in the design of any lunar system is
the commonality of both components and complete vehicles when necessary.

1.2.1 Design Project Components

The Senior Aero Group project concentrates on the specific design of the servicing vehicle,
various transport options for travel from the lunar base to the lunar lander, and the landing
sites. The following vehicle and component designs are discussed in this report:

- Servicer

- Heavy Mover (Tractor)

- Large Cargo/Servicer Trailer (including teleoperated crane)
- Small Servicer Trailer

- Interface connections

- Various modifications to existing equipment

1.2.1.1 Landing Sites

The landing sites are designated to be at a distance of 1000 m from the main central base
structures - a restriction based on the blast damage caused by descending Lunar Landers
[4]. The lunar base has three separate landing pads that can have operations going on in
any order. The landing sites are triangular with the main base structures in the center (see
Fig. 1.3 ). Graded regolith walls protect the lunar base and other landing pads from debris
ejected upon landing. Graded travelways also connect the landing sites with the central base.
A system of both electronic and visual landing aids would be present for aid in navigation to
landing site out of orbit.

1.2.1.2 Servicer

The Servicer (see Fig. 1.4 ) is a stationary support vehicle placed next to the lunar lander
while on the surface to provide basic functions of hydrogen reliquification, power supply,
status communication, daytime cooling, and nighttime heating. The structure is one of a
frame enclosing fuel cells, electronics, and spherical tanks. The exterior is covered with a
rigid stand-off shield/thermal tile protection system. The upper surface consists of a fluid
loop radiator for heat rejection of both fuel cell waste heat and waste heat from the lander
during the day. Strip antennas are used for all communication with the base.

The loss of hydrogen fuel through boil-off due to heat conduction is generally not a large
concern for short surface stay times. The boil-off becomes a real concern when the stay
times are extended to 180 days, as is expected for third phase lunar inhabitation. Simple
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calculations indicate that up to 50% of a lunar lander’s liquid hydrogen can be lost to boil-off
during a 180 day stay[5]. This necessitates a system for storing H2 boil-off and reliquifing it to
pump back into the lander’s tanks. The basic idea is to store the gaseous hydrogen that boils
off during the hot lunar day in a large tank on the servicer. At nightfall the temperatures
would drop to near absolute zero, which would allow an extremely efficient helium cycle to
be used to reliquify the hydrogen. The reliquified hydrogen would then be pumped back into
the landers tanks. Oxygen production is assumed during this time, making oxygen boil-off
irrelevant due to the availability of O, on the surface [6]. Oxygen also is less susceptible to
boil-off than hydrogen due to its higher boiling point and lower heat conduction coefficient.

The power system for the lander would be designed for relatively short flight times,
typically on the order of one hour. The additional system weight would be unwarranted for
the 180 day stay times on the lunar surface. The servicer provides the additional power while
the lander is on the surface, which allows the lander power supply to be reserved for flight
time only. The electronics and cooling system components would need power during the 180
day stay, along with controls testing to avoid seizing of components. The servicer fuel cell
power supply would support the lander during the surface stay.

Communications would be provided through the servicer to the base concerning the status
of both the servicer and the lander. This data would include all electrical and thermal aspects
of both vehicles.

The additional daytime lander heat input due to reflection from the lunar surface would
require active heat rejection from the lander. The servicer would provide relief from this
additional lander heat load by removing it through fluid loops to the servicer.

During the 14 day lunar night, the heat problem is completely reversed. The electronics
and fluid loops of the lander must be kept in a state of readiness through heat input, due to
the fact that the lander would cool down to the temperature of the lunar night otherwise.
The electronics and fluid loops have to be kept warm in order to function at all, much less
properly. The heat input from the servicer to the lander is through both electrical and fluid

means.

A stand off shield is necessary as a result of the increased probability of a meteorite impact
due to the 180 day stay time. Multi-layer thermal tiles attached to the stand-off shields also
provide protection from the intense solar radiation impinging on the servicer during the lunar

day.

1.2.1.3 Transport Options

The lander can deliver either cargo or personnel. When in cargo mode, the lander is
assumed to be unmanned and remotely piloted or computer guided. When in personnel
delivery mode, the lander is expected to be piloted by a crew member present. Each of these
two cases dictate different transport techniques upon landing. The simplified net result is
that the lander is brought out to the landing site and cargo or personnel are retrieved to
the base. Potentially confusing detailed descriptions of post-landing activities are described



through diagrams and description in the following section. Alternative operations for some
of the vehicles incorporated are also mentioned.

1.3 Landing Scenario

The scope of the Senior Aerospace Group design project can be demonstrated best through
“cartoons” demonstrating the course of activities that are to take place at a lunar base after
a Lander descent. As mentioned above, there are two distinct scenarios for a lunar landing:
cargo or personnel. Much of the equipment used in one case may be used in the other with
an emphasis on commonality and duality when possible.

Fig. 1.5 depicts the course of operations at the base after an unmanned cargo lander has
descended. Step 1 shows the Prime Mover vehicle towing the Large Cargo/Servicer Trailer
out to the landing pad where the cargo Lunar Lander waits. The Servicer can be seen on
the trailer along with the cargo moving teleoperated crane. Step 2 shows the Servicer having
been removed and the crane readying the removal of the cargo atop the Lander. In Step 3,
the cargo has been placed on the trailer by the teleoperated crane. Step 4 shows the Prime
Mover vehicle towing the trailer with cargo back to the lunar base. It is possible that several
trips may have to be made, depending on the size and weight of the cargo.

Fig. 1.6 depicts operations after a human piloted personnel lander has descended. Step
1 shows the Prime Mover towing a pressurized Crew Trailer out to the lander. The Servicer
can be seen atop a small trailer attached to the rear of the Crew Trailer. The frailer with the
Servicer i1s detached next to the Lander, as shown in Step 2. Step 3 shows the Crew Trailer
being attached to the crew hatch of the lander with personnel being evacuated. Step 4 shows
the Prime Mover traveling back to the base. The Crew Trailer used in the personnel landing
scenario is part of a pressurized long distance exploration vehicle that would be present during
a third phase lunar inhabitation.

The Crew Trailer used in the personnel landing scenario would have its own drive system
and steering, but would be controlled by the Heavy Mover as it would be controlled by the
power cart while on an exploration. Modifications or attachments would have to be made
to the hatch on the rear of the Crew Trailer in order to attach directly to the Lander. The
Crew Trailer would already have been designed to mate with the base hatch system. This
demonstrates a use of existing lunar equipment in the servicing project when possible.

In both of the landing scenarios, a crew in EVA suits will return to the landing site to
finish connecting the Servicer to the Lander and to begin operations. A single or double
EVA crew would return periodically to the site to perform maintenance activities and basic
physical checks.

In both cases, the Prime Mover is piloted by a single EVA person. The existence of
a teleoperated crane and EVA person on the same mission allows for parallel processing
techniques to be used. While at the base, the crane is operated through IVA activities while -
the EVA person performs other activities. The scheduling mentioned in following sections
details this technique.



Figure 1.5. Cargo Mode Post Landing Operations.
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There are several alternative operations for the Prime Mover vehicle used in the servicing
activities. These include lunar soil mining and moving for oxygen production plants, base
~ site construction, landing site construction and maintenance, and roadway grading. The large
Servicer/Cargo Trailer could also be used in some these activities.

1.4 Project Group Structure and Management

The Aerospace Group consisted of ten Seniors working as a design team with a project
manager. The project organization chart can be found in Fig. 1.7 , which depicts the project
management function and component design elements of the group structure. Ten main
component areas were assigned to each of the group individuals. Five project management
areas were also assigned to five of the same individuals. The five management functions were
as follows:

Systems Engineer (Dan Litwhiler):

Responsible for integration of various components of project and internal project docu-
mentation. Must be aware of changes “across the board” and how they affect other systems
through the entire design process. This includes interfaces (data, electrical, and physical)
and compatibility concerns.

Documents Librarian (John Kynoch):

Responsible for upkeep of Aerospace library and computer catalog database. This will be
the person to get assistance from on checking out and returning aerospace library documents.
There will be sign out sheets for documents in order to keep library organized. Any outside
information gathered (reports, articles, etc) should be given to the librarian for addition to
the library.

TEX Editor (Matt Pickett):

Respounsible for general knowledge of TEX commands and macro’s. Individual segments of
reports should be cleared through this individual for consistency in style and macro use. The
editor is also responsible for the integration of individual efforts into reports due throughout
the project (interim, final, etc). ‘

Program Control (Jeanne O’Konek):

Responsible for scheduling and project software. Will update and distribute Gantt charts,
PERT charts, etc pertaining to schedule control. Also responsible for accounting of aerospace
group funds and the associated requests to Dr. Chandra.

Display Design (Todd LaSalle):

Responsible for display setup at conference (including graphs, posters, etc). Also respon-
sible for any scaled models produced, whether contracted out or produced “in-house”.
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Figure 1.7. Project Organization Chart.
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One of the first activities in the project initiation was to assign a work breakdown for the
design project. The following is a basic work breakdown (a detailed work breakdown can he

found in Appendix A):

Dan
Radiation protection
Shielding
Site preparation
Robert
Robotics
Marcus
Electronics
Control systems
Ergonomics
Jeanne S.
Power
Jeanne O.
Communications
Navigation
Doug
Fuel system
Todd
Umbilical
Chris
Maintenance/tools
Matt
Mobility
Transport and assembly
Overall structure/frames
John

Heat rejection

A schedule was developed in the form of a Gantt chart, with both primary and secondary
detailed charts done throughout the year. The primary Project Schedule can be found in
Fig. 1.8 . The secondary detailed charts can be found in Appendix B.

One of the primary concerns in this project was the area of interface issues. A project
involving many multi-purpose vehicles operating together on prescribed schedules necessi-
tates careful consideration of all interactions. A seemingly subtle change in one vehicle or
component during the design synthesis can create catastrophic design problems for future
work of other component managers. It is for this reason that very careful attention was paid
to interface issues through weekly component meetings and periodical design reviews.
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2. Overall Mission Requirements/Considerations

Servicer
Spacecraft power (standard) 28 V DC to be supplied, power conditioning needed.
Weighs approximately 4000 kg.
Suggested power supply for the servicer: 7 kW Space Shuttle fuel cell design.
Approximate weight of power supply: 1300 kg (7kW). |
Load of above system (reliquify, cooling, heating) OF 3-8 kW (nominal to peak).
Space power system can be assumed on line.
Inspection and test equipment needed.
Use teleoperations/telerobotics when possible.
Provide lighting for area around lander during lunar night.
Must perform hydrogen, oxygen reliquification.
Heat rejection for lander during lunar day.
Heating for lander during night.
Radiation protection must be provided.

Power to be supplied to the lander when on surface.

Transport
Cargo work would be best done by teleoperations.
Power to payloads during exchange?
Data/video/fluids interface for payload/module during exchange.
May have to transverse unprepared area.
Vehicle may operate in manned or unmanned mode.
Own heat rejection.
Own power system.
Own drive system.
Suspension system, including wheels.
Control system.
Cargo/servicer cargo manipulation capacity (robotic arm with end effectors).
Teleoperations used extensively.
Have capacity for contingency manual operation if teleoperations fail due to solar flares,

etc.
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Reach of teleoperations must be capable of exchange under all conditions.

Teleoperated crane and transport capable of 3-5 mt servicer and 5 mt cargo-personnel
module carrying, 1 mt cargo in addition to cargo baseline.

Transport has alternative site preparation, mining, etc considerations built into it.
Reusable Lander
3-6 flights per year have been baselined.

Lander must be able to abort to LLO (Low Lunar Orbit) within 6 hours at any given
time.

Lander life span is approximately 5 years.
Lunar lander uses LOX and LH2 for propulsion.
Lander carries six persons up and down in personnel mode.

Radiation of heat from lander necessary, approx 2 kW additional during day due to
reflected surface radiation.

Heat exchanger in lander required to avoid system sensitivity when servicer is cooling
(or heating).

Landing gear pad circle diameter on lander: 12 to 20 meters.
20 mt maximum cargo when in cargo mode, unloaded in segments of 5000 kg maximum.
1 kW for lander electronics while on the surface.
7.5 m height from the surface to top of the crew module.
Crew Module
4500 kg total for 6 people and 3 days.
3 kW for crew module life support and maintenance.
Dimensions: 2.67 m h x 4.3 m diameter.
1000 kg of additional cargo possible.
Landing Site

Landing site distances from base:
- 50 m - severe damage.
- 400 m - minimal protection (one used).

- 1-2 km - effects small.

Landing site dimensions: 50 m diameter, prep or unprep, no obstacles within 100 m
of edge of site.

Landing site: Taurus-Littrow, only one with sufficient data to certify (Apollo 17 site).

Other areas have 60-65 meter resolution at best.

Flight navigation systems will require meter accuracy, transponders close to the base
could be used for triangulation.
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Pad loading: 10 psi - static, 120 psi - dynﬁmic (Apollo info)
Landings to take place early in the lunar night to take advantage of thermal conditions.
Lighting system needed for pad.
General
Use teleoperations/telerobotics when applicable.
Need visualization of processes, critical to teleoperations.

Micro-meteorite protection necessary, also blast protection from other landings neces-
sary.

Lunar base population of 4-8 during stays to work with for performing functions.
Allow for possibility of off-pad landings.
Lander can be on surface for as long as 180 days for permanent base scenario.

Redundant and backup systems should be available where possible (double and triple
redundancy if critical component).

Communications should be possible at all times between all system components or
personnel.

Space Power System (SP-100: nuclear 100kW) can be assumed on-line during perma-
nent base inhabitation phase considered.

Inspection and test equipment needed for all components.

Decontamination and detection equipment will be needed to detect and remove fuel,
coolants, hydraulics, etc prior to exchange or repairs.

All interfaces should be totally compatible.

Components should be as interchangeable as possible (commonality) to reduce repair
time and complexity.

Components should have easy accessibility.

Dust protection should be of utmost importance (especially on physical interfaces).
All physical connections should be quick disconnect for contingency plans.
Man/machine interfaces to be worked out.

Maintenance schedules approximated.

Consider Space Transportation System craft limitations when designing lunar equip-
ment.

Vast importance on weight reduction of delivered equipment {on orbit cost per 1b:$3500
current system, as low as 300 projected system, $10000/1b to deliver to lunar surface).

Assume basic lunar base materials and equipment.

All fueling is done in LLO.
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Extensive landing aids such as lighting and communications will be available to the
Jander when ascending or descending.

Line of sight communications necessary at all times.
Extensive micrometeoriod protection {(multi layer prot, etc) on all vehicles and systems.

Materials used that will not degrade under the presence of atomic oxygen, atomic
hydrogen, or caustic fuels left over from Apollo.

Consider thermal vacuum environment conditions, extensive use of heat shields is nec-
essary: beta coth, etc.

Heads up display technology available at the time.
Electronics to withstand solar flare intensity radiation.

EVA not used unless absolutely necessary.

6 hr EVA time limitation.

Need visualization of processes, critical to teleoperations.
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3. Life Support

A majority of the EVA (Extra Vehicular Activity) and life support system design was
derived from conceptual reports coupled with projections of EVA technology. This project
centered around the servicing vehicles themselves and not EVA concerns, except in cases that
directly related to the project.

The considerations of modifications or additions to be made to the EVA suits to spe-
cialize them for use on the servicing missions are necessary. The following will have to be
incorporated into the suit designs:

e low mass regenerative closed heat control, no venting
e thicker/better shell for radiation protection
e disposable dust ‘over-suit’ covering entire EVA suit

o lighting integrated into suit for night-time use

Radiation Dosage Concerns

e space radiation protection standards:
- males: Career=200+7.5(age-30) rem
- females: Career=200+"7.5(age-30) rem

e GCR (Galactic Cosmic Rays)

e during solar flare worst case:
- 94 rem/hr unshielded, 22 rem/hr 30 cm shielded Al
- 500 rem behind 2 g/cm? Al, 11 rem behind 20 g/cm? Al.

e GCR (2 g/cm? Al).

- solar min: 45 rem/hr, solar max: 18 rem/hr.

The requirement of a closed loop heat rejection system avoids the water (or other fluid)
vapor production in the immediate vicinity of the lunar base and lunar equipment. The
landing aids and visual controls will incorporate optics that will be susceptible to the presence
of fluid vapors in the immediate atmosphere that possibly adhere to lens surfaces and affect
vision or controls.

The advances in radiation protection will allow for longer safe EVA activities, such as
those involved with setting up the servicing system and the maintenance that goes along
with it. The same crew would be present at the lunar bases for extended periods. During
the longest stay of 180 days, a crew member would log many hours on an EVA. This makes
improved radiation protection a primary concern.

18



A dust over-suit design will incorporate a disposable radiation resistant polymer suit that
could be zipped up over the EVA suit. This outer suit will be worn one time during an
EVA and would then be discarded, which would greatly reduce the serious problem of dust
contamination of the components and seals of the EVA suit. This is a well documented and
serious problem seen on all missions to the lunar surface (7).

Integrated lighting systems are necessary during both the lunar day and the lunar night.
Any maintenance work could be done at night with a lighting system built into the EVA suit
to compliment any exterior lighting system that any other vehicles would have. The lighting
is also necessary during the lunar days due to the fact that the lack of atmosphere results in
extreme contrasts on the lunar surface in rough terrain. It is nearly impossible to judge the
depth of holes or craters when they appear black, regardless if they are 1 cm or 1 m deep.
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4. Maintenance

Maintenance concerns are paramount to the success of any mission on the lunar surface.
The problem of contamination has been extensively documented in past excursions to the
lunar surface.

The environment that the equipment will be exposed to is one of the harshest experienced
by equipment to date. The following tools and equipment will be necessary for operations
concerning the vehicle servicing activities:

¢ hand held nitrogen (helium) blow-off for dust.
e brushes for dust removal.

o fuel/leak detection hardware, gas analysis.

e dosimeters for radiation warnings.

e tools for LRU (Lunar Replaceable Units):
- battery (backup) 24x8x14 cm 70 kg.
- fuel cell core 150 kg.
- fuel cell tank replacement:
- hydrogen: 1 m dia 30 kg.
- oxygen: 0.5 m dia 150 kg.
- data interface unit 15x16x7 cm 15 kg.
- electronics/power module 17x9x8 c¢m 15 kg.

- pump assemblies.

20



5. Operations Scheduling

Scheduling is a problem that affects all aspects of a mission. The limited human and
machine resources require very efficient scheduling techniques. There are many parameters
that affect a mission schedule. The extent of scheduling in the present project involves only
concerns of maintenance and Lander support operations. The concerns of overall mission
operations are assumed from reports of projected lunar base operations.

The landing schedule would involve preparing lunar base equipment for a lunar landing
and the actual operations of setting up the Lander support equipment upon landing. The
scheduling is complicated by the fact that in one landing situation (cargo landing), both
personnel and teleoperated cranes will be operated at the same time. The cargo landing
scenario necessitates parallel processing scheduling.

The techniques of parallel processing have not been addressed in many reports or books
to date concerning a lunar landing situation. When more than one individual or teleoperated
machine is involved in an activity, the technique of linear scheduling is not practical compared
to parallel scheduling.

The times allowed for a given task are limited by personnel EVA radiation and machinery
setup concerns. The time limit for a person during an EVA on the moon during a non-
solar event activity is generally allowed as 6 hrs . Advances in EVA suits and medicine
technology would allow EVA times of up to 10 hrs. This time estimate is used for all scheduling
considerations. The machinery will have to be set up fairly rapidly due to the effects of
additional heat input to the Lander and components in excess of the heat input from the
propulsion system. The Lander would be assumed to have extensive passive heat rejection
or storage systems for the time shortly after landing. The lander would still need the excess
heat rejected within a short time of landing by the Servicer.

At least two EVA crew members are needed if a schedule of 10 hrs is to be met for
Servicer delivery and cargo/crew removal. The Servicer setup and startup is initiated after
initial cargo and delivery to base has been completed.

A single EVA person will complete Servicer startup using a small personal transport that
would be used around the base for this time frame. The same one will be used for maintenance
activities throughout the stay of the Lander.

The following represent approximate activity times for operations at the lunar bhase per-
taining to the servicing and preparation for Lander vehicles, either cargo or crew.

Approximate Activity Times:

Activity Title Time(hrs)
IVA EVA
LANDING
Landing site inspection. 0.25
Landing sys activation and checkout. 3.0
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Track Lander decent. 3.0

Monitor landing. 1.0

Monitor system status. 0.0
SERVICER SETUP

Transport to landing site. 1.0
Connect to communications/power. 0.25 1.0
Connect/verify H2 connection. 1.25 2.5
Connect/verify LOX vent. 1.0
CARGO MODULE REMOVAL

Disconnect interfaces of lander, cover. 0.5 1.0
Cargo removed to Transport. 1.0 2.0
Transport from landing site. 1.0
Interface connections. 1.0
PRELAUNCH ACTIVITIES

Power up and verify lander controls. 1.0

Automatic Lander systems check. 1.25

Closeout activities. 1.0
Configuration video check. 1.0

5.1 Schedule for Lander in Cargo Mode

The following is an example of parallel processing scheduling techniques for the case of a
Lander in cargo mode. This schedule was created by considering published estimated times
for activities [8]. Series scheduling is used up to the time that the Lunar lander arrives at
the lunar base. After the lander has arrived, the Servicer is brought out to the landing pad
on the Prime Mover trailer. At this point, two base personnel are “present” and parallel
processing techniques are used. One base crew member is physically present in an EVA suit
while the other is present as an IVA (Intra Vehicular Activity) crew member operating the
teleoperated crane remotely from the base.

Parallel Processing Schedule (Cargo Landing Mode)

Schedule
T-24h Transport conversion
T-4h Pre-landing maintenance
T-2h Transport ready
T+0h Post-landing safety check

- Engine shutdown
- No fuel present
T+1.0h Transport travels to landing site
Servicer setup/cargo work
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Teleoperated EVA

T4 1.0h - placement of servicer - detachment of cargo mods
on pad and begin hold-downs, connections
warm-up - attach Trans Mod umb.

T+2.5h - attachment of Servicer

lines to lander

T+4.0h - place Cargo - detach Trans warm-up power
Mod on Transport connection to Servicer

T+6.0h Transport to base

T+6.5h Dock to base

5.2 Schedule for Lander in Personnel Mode

The following is an example of how parallel processing scheduling techniques are used for
the case of a Lander in personnel mode. The scheduling operation is similar to the scheduling
technique used in the case of cargo landing shown previously. The exception is the fact that
there is no remotely operated crane, but there is a second EVA person on the mission out to
the landing pad. The parallel processing techniques are used in the operation and interaction
of the two EVA personnel.

Parallel Processing Schedule (Personnel Landing Mode)

Schedule
T-24h Transport conversion.
T-4h Pre-landing maintenance.
T-2h Transport ready.
T+0h Post-landing safety check.
- Engine shutdown.
- No fuel present.
T+1.0h Transport travels to landing site.
Servicer setup/personnel setup.
EVA 1 EVA 2
T+1.0h - detach servicer trailer - detachment of cargo mod
on pad and start hold-downs, connections.
warm-up.
T+2.5h - relocate Trans trailer - attachment of Servicer
for crew pickup. lines to lander.
T+4.0h -Trans crew to - detach Trans warm-up power
Transport. connection to Servicer.
T+6.0h Transport to base.
T+6.5h Dock to base.
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6. Servicer Frame Design

In this section, the frame of the Servicer is modeled and analyzed by using PAL2 finite
element programs. A FORTRAN program is then used to size each of the individual members
of the Servicer frame. The importance of going through this analysis rests in the fact that
the weight must be reduced in any structure that will be transported to the lunar surface.
Extreme importance is put on reduction of mass carried to the lunar surface due to the fact
that it costs roughly $ 10000 per kilogram to deliver said mass to a lunar base. The frame
member sizes are optimized to add strength where it is needed and remove weight where it
is unnecessary. Locations of component attachments can also be altered.

The loading conditions will be of several different types, each to be modelled in succes-
sion; static loading of components while the Servicer is at rest and loading of the upper
members when weight of Servicer is suspended by the upper supports by a crane during
moving operations.

It could be argued that the various sized aluminum tubing would be expensive to manu-
facture in that it would have to be extruded at each of the required diameters. However, the
primary concern in any structure design going to the lunar surface is the reduction of weight
at all costs.

6.1 Servicer PAL2 Frame Model

The basic frame is modelled as a pin connected simple beam structure, actual frames
would be complex welded or bolted frames that would be difficult to analyze. The actual
frame of such equipment would be more adequately described as a structure, in that it would
have tension, compression, and bending on its members. This would require much more
complex software than is currently available. The modelling technique used in this analysis
assumes a truss design; a design where members are subjected only to tensile and compressive
forces. The present analysis is a fair approximation, and is adequate for a conceptual design
of this type.

The Servicer frame PAL2 text model can be found in Appendix G. A picture of the
Servicer frame can be found in Fig. 6.1 with node numbers included. The basic frame was
drawn in AutoCad, modified and material properties added using the MSCMOD software
available, and analyzed in PAL2. The model chosen used tubular beams of a constant cross
section and material properties of aluminum. All material properties can be found in the

PAL2 text model SERV2.TXT in Appendix *.

The Servicer frame can be modeled in two ways, either as loading experienced while
stationary on the surface or as loading experienced while the Servicer is being lifted. The
two loading cases result in very different forces and deflection in the members of the frame.
The two loading cases are covered in following sections.

6.1.1 Surface Loading of Frame
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Figure 6.1. PAL2 Servicer Frame Model.

The frame is loaded by downward forces resulting from the weight of the different com-
ponents of the Servicer. These downward forces are divided and applied at the ends of the
members as a fair approximation. The beam elements selected for use in the model do not
allow application of a force in the center section, as this would result in a bending loading of
the member. The loading file STAT2.TXT can be found in Appendix C, showing the appli-
cation of the loading due to Servicer component weights. The file also shows the restriction
of movement at the support pads set equal to zero, completing the static model requirements
for stationary loading of the Servicer due to lunar gravity.

The resultant deflections of Servicer frame members can be seen in Fig. 6.2 . The lower
members are deflected considerably as would be expected, where as the upper members are
unaffected. The deflection is not to scale.

6.1.2 Lifting Loading of Frame

In the case of lifting loading, the crane is connected to the upper support and lifts the
entire servicer by this four pronged support. The Servicer component weights are modeled
as in the stationary case, with the top section of the Servicer frame displacement being set
equal to zero to simulate the lifting by the upper support. The loading file STAT3.TXT can
be found in Appendix C.

The deflections that are caused by this loading can be seen in Fig. 6.3 . The deflections
are seen to occur predominately in the upper section of the frame, as would be expected. The
Servicer pads carry no load and corresponding members are seen with no deflection.
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Figure 6.2. Deflection of Servicer Frame Due to Static Loading.
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Figure 6.3. Deflection of Servicer Frame Due to Lifting Loading.
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6.2 Frame Sizing Program

A static analysis for the static surface scenario was completed and the results of the anal-
ysis, including forces, were printed to the file FORCE2.PRT. The program FINDWORD.EXE
was written to extract the element numbers and forces (either positive or negative) from the

long PAL2 data file, and write them to FORCE2.0UT.

The FORTRAN program FORCE.FOR (see Appendix C) was written for solving for
diameters of the aluminum tubing of a given thickness (2 mm) making up the frame of the
Servicer. The conditions of maximum allowable axial stress and maximum loading before
buckling were considered in the program. A bisect root solver subroutine was used to solve
for the diameter in the case of buckling (negative force).

The check on maximum tensile force was performed in the program using the following
formula [9]:

P = OpoaA = Opnae [% (D - )]

The thickness of the wall of the tubular aluminum beams is set at a constant 2 mm.
A maximum allowable stress of 206 MPa was used for aluminum. With the thickness held
constant, the equation was written explicitly as a function of outside diameter (D) only. The
equation was as follows:

P4
D =125 [ — 0.000016}
0

296 x 10

In the case of buckling, the equation can not be solved explicitly as in the case of tensile
loading. The formula for the critical load that a pin supported simple column element can
withstand for given section properties was as follows [9]:

T El
Pcr = 12

The length was set at 2 meters for a worst case situation for column loading in the structure.
A Young’s modulus of 71.0 GPa was used for aluminum in these calculations.

After substitution of material and section properties, the equation can be written as

follows:

71_3

4-64
The values of diameter (D) were solved for using the bisect root solver subroutine of the
program. The results printed to the file DIAMETER.OUT, giving the outside diameter of
each of the 68 members (see Appendix C), listing element numbers, forces, and required beam

P, = (71.0 x 10°) [D* — (D — 0.004)*]

diameters.
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Figure 7.1. Servicer Tank Quick Release Design.

7. Quick Release Design for Servicer Tanks

A quick release attachment was designed for use on the hydrogen, oxygen, and water
tanks of the Servicer. The quick release is to be used to exchange empty tanks with filled
ones during refueling of the Servicer. The advantage of this procedure lies in the fact that
pressure relief concerns are alleviated, although cryogenic connections and disconnections
will still have to made by the EVA person. In the case of tank exchanges, the concerns of
dangerous hydrogen and oxygen venting in the vicinity of the crew member are avoided.

The release design consists of a top mechanical release and a lower pivoting section (see
Fig. 7.1 ) The large handle release is activated and the tank is pivoted out and away from the
Servicer during the operation. The Servicer external radiation and micrometeoroid shielding
doors would have been opened for this operation. The large handle allows easy operation of
the release by the EVA person. This feature can be seen in a detailed release drawing found
in Appendix D.
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Figure 8.1. Landing Pad Conceptual Design.

8. Landing Pad Sites

8.1 Introduction

The site preparation for the landing pads will be based on location, safety, and accessibil-
ity. The pads will be used for Lunar Lander landings and takeoffs for material and personnel
supply for the lunar base. Most, if not all, of the lunar base will be located underneath the
lunar surface for radiation and micrometeorite protection. Outer air locks, antennae, surface
vehicles, and observatories will be the only exposed parts of the base. The lunar landing
paths will be perpendicular to the base location to reduce the possibility of danger from
lunar landing navigation errors. A landing pad scenario can be seen in Fig. 8.1 , showing a
typical operation during night operations.

The landing pads are going to be set up for ease of location and navigation for the
lunar lander. The alternative setup was to have the three pads in one location in a line for
accessibility for the transport vehicles. In this setup the transport would only have to move
to one location. However, there were problems in the blast protection for the neighboring
pads, there was a need for a complicated navigation system, and there was the danger of
landing accidents due to possible navigation errors. The solution that was chosen was to
have the three pads in a triangular formation with the lunar base in the center. This allowed
for minimum protection for each landing pad from its neighboring pads, the use of a simple
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Figure 8.2. Landing Pad Zones.

triangulation navigation system for the lunar lander with respect to the lunar base, and
providing a safety margin for navigation landing errors.

8.2 Landing Pad Set-up

The landing pads should be comparatively flat with no slope and free of any depressions.
All rocks and boulders should be removed to prevent any damage that could occur from the
landing to the lunar lander. The landing pad itself will be 50 m in diameter with a target
area of about 25 m in the middle of the pad. An circular area around the landing pad of
100 m diameter will be cleared of obstacles for any emergency or navigation error landings.
An area of between 300-600 m radius from the center of the pad should be cleared of any
open vehicles or devices to prevent any blast damage from the lunar landings. A figure of
this set-up can be seen in Fig. 8.2 . -

The landing pads will be located at a sufficient distance away from the lunar base so as
to reduce the effects of the blast from the lunar lander landings and takeoffs. This will negate
the necessity for any large amount of extra shielding for the base for protection. Studies have
shown that minimal safe distance for a landing pad from the base is 400 m[10]A distance of
1000 m was chosen because the base will experience negligible amounts of blasting from the
lunar landings and will be comparatively safe from any possible landing errors[11]

8.3 Pad Preparation
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The landing pads will be prepared by marking out prospective sites, then clearing the
large boulders and rocks, grading the surface flat, and then compacting the surface to make
a safe landing pad. The landing pad should have less than a 6° slope with no humps or
depressions. The 100 m diameter safety zone should have less than a 12° slope with no
humps or depressions[10]. All of this will be done by the Prime Mover that will be located
already at the lunar base from previous landings. The diameter of the landing pads will be
50 m and there will be a total of three landing pads. The landing pads will in a triangular
formation so that navigation to the base and the pads are less complicated. In the later
stages of the lunar base development, the compacted pad surface will be replaced by a gravel
and paved tile surface[10]. This surface will reduce the dust problem present in the plain
compaction, and will be a longer lasting surface with minor maintenance requirements.

8.4 Blast Protection

The blast wall will be located 25 m away from the pad and will be formed using the Prime
Mover. The walls will be 2 m in height with a wall base width of 8.6 m and a repose angle
35 degrees. This will allow sufficient protection for the navigation devices and the base by
shadowing the navigation device at each pad and directing the dust away from the base. The
semicircular formation of the walls around the pad will provide the shadowing and protection
for the base and the other two landing pads. The triangular formation of the pads around
the base gives them enough distance in between to have minimal protection necessary for the
equipment located on any neighbor pads.

8.5 Pad Access

There will be a prepared roadway from the base to the three pads consisting of a graded
surface free of boulders. This provides a low-risk travel for the maintenance equipment on
repeated travels to the landing pads and to increase their life, in effect reducing later costs.
This is not to rule out the possibility of the transport traversing unprepared surfaces. This
compaction reduces the number of bumps and hills it has to encounter so that less power will
be required, a safer trip will be made, and less time will be required for travel between pads.
In the early stages, the roadways will be setup like the landing pads with the compacted
surface. However, as time goes on, in the later stages of the lunar base development, a gravel
and paved tile surface will be used for road travel. This will make the road even smoother
and greatly reduce the wear and tear on the transport vehicles[10].

8.6 Pad Lighting and Markers

Each landing pad will contain three permanent markers protected by placement in the
lunar regolith[11]. They will be seen only from above for visual verification and adjustments.
They will be located on the perimeter of the 50 m diameter landing zone. Because they only
need to operate approximately ten minutes every two to three months, they can be battery
operated and activated in pre-landing maintenance or radio activated[11]. The batteries can
be solar charged batteries. The lights for lunar night operations can be portable and carried
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out with the servicer on the transport flat bed. Basically they are flood lights that can be
set up in the area of operation.

Each pad will also contain a navigation device located on the other side of the regolith
blast wall. The device used for this pad set-up is described further in the Navigation section
of this report. Because of the size and location of the regolith wall, the device can be located
just about anywhere behind the wall. The device, then, will be located 5 m behind the wall
in line from the center of the pad to the base.

8.7 Pad Maintenance

The maintenance of the pads will consist basically of cleaning out the landing markers if
necessary, and compacting the landing pads. The roadway may also need compacting. In the
later stages, due to the tiles, the only maintenance necessary is the cleaning of the markers
and minor dusting of the pad and road surfaces.
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9. Servicer and Transport Protection

9.1 Introduction

The considerations for a base and its launch and landing facility will be radiation and
micrometeorite protection. Radiation protection as well as micrometeorite protection is a
concern for humans as well as electronic equipment. The main concern for this study is the
protection for the servicer and the transport. The Servicer design with the radiation and
micrometeorite protection can be seen in Fig. 9.1 . The outer covering of the servicer is a
stand-off shield design consisting of a few walls for its protection. The cut-away view view of
the stand-off shield can be seen in Fig. 9.2 .

9.2 Considerations for Shielding
9.2.1 Radiation

9.2.1.1 Radiation Hazards

The radiation components that will be encountered on the moon consist of galactic cosmic
rays (GCR), and solar proton events (SPE). GCR is a highly penetrative dose of radiation,
which induces the need for unique shielding requirements. SPE comes from the solar flare
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Figure 9.2. Shielding Set-up for Servicer and Transport.

activity from the sun. The flares deliver deliver highly concentrated doses of radiation over
short periods of time ranging between a couple of hours to a few days. SPE’s are relatively
unpredictable, however, their occurrence corresponds to the sun spot cycle[12].

The intensity and potential danger to human life due to SPE dosage would lead to the
requirement of a radiation shelter strong enough to reduce the effects of the radiation to
minimum levels. In most studies, the base is located underneath the lunar surface to provide
the maximum amount of protection against radiation effects. Lunar regolith is the best
medium for radiation protection. All of the compound will be under at least 4 m of regolith,
which will be sufficient to reduce the dose to less than 5 rem during the flare events(11]. All
activity will be suspended during the time these events are to occur to protect the crew and
the equipment. With this in mind, the only protection necessary is for the GCR doses.

9.2.1.2 Radiation Shielding

GCOR. is a continuous source of highly penetrating particles consisting of protons and heavy
nuclei[12]. The maximum flux expected from GCR occurs at solar minimum, when there 1s
little sunspot activity. GCR Flux is at its minimum intensity during the solar maximum(12].

In John R. Letaw’s report on the radiation effects, a study was made on aluminum
shielding between 0 and 70 g/cm2. This report found that at solar minimum, with maximum
GCR. dose at 45 rem/year, 20 g/cm2 (7.5 cm) aluminum shielding reduce the dose equivalent
by a factor of two[12]. The report stated that the reduction level decreased at higher levels of



thickness, and it was unnecessary to increase the thickness beyond 7.5 cm. Further reductions
conld be accomplished by selection of different materials[12].

The selection of the radiation protection is based on this study. A 7.5 cm wall will be
used to protect the Transport and the servicer against the dose from GCR.

9.2.1.3 Future Considerations for Radiation Shielding

Aluminum was used in this project because of the studies made on the use of this material.
Aluminum is also commonly used structural material in aircraft today[12].

The use of water in aluminum as a shielding alternative could be a possibility. The water
shielding was introduced as a better medium against the GCR and SPE doses[12]. With
regolith being the best protection against radiation doses, a study of a shield made out of
lunar materials could be done. Other examples of possible good shielding against GCR are
methane, hydrogen, plastic, and boron and lithium hydrides with aluminum[12].

9.2.2 Micrometeorites

9.2.2.1 Micrometeorite Hazards

Another hazard that the servicer and transport will encounter is that of micrometeorites.
Both the servicer and the transport require some kind of shielding to protect the vehicle and
equipment from meteoroids and blast ejecta from lunar landers. The task is to create a shield
that is low in weight and in cost that will protect the equipment from most of the particles.
The shield that has been used in the past years for Aerospace vehicles is the “Whipple” shield.
This shield consists of an aluminum sheet spaced in front of a larger aluminum wall. This
form has been successful in the past. However, increased studies in the hypervelocity particle
threat have called for a new form of shield to be sought[13]. This new style of shielding
consists of “stand-off” formation with lighter materials and more walls[14].

Another hazard that can be eliminated by using more walls and better materials is the
ejecta cloud. The ejecta cloud is formed when the hypervelocity particle hits the front wall
and explodes. The resultant particles shoot out in all directions, including the direction the
the particle originally came from. These particles can damage other parts of the equipment
that was missed in its original path. This problem is reduced by the ability of using a mesh
layer to catch the particles. The Whipple wall is unable to utilize this layer because it needs
two strong walls to stop the particles. The figure of the whipple wall and the ejecta formation
can be seen in Fig. 9.3 .

9.2.2.2 Double Bumper Consideration

The proposal for our design was the use of a mesh double bumper system. The system
consisted of four different layers. The first layer was a mesh layer, the second layer was an
aluminum bumper wall, the third was an intermediate cloth, and the fourth was the final
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aluminum bumper wall. The Aluminum bumper walls are aluminum alloy plates (A2024-
T4), basically because of its high tensile strength{15]. The mesh was made out of aluminum
5056 wires with a gap of 0.5 mm between the wires. The intermediate cloth is Spectra cloth
because of its high strength to weight ratios.

The way the shielding works is by having the particle hit the front mesh layer. When the
particle hits, it breaks up the particle to be shocked by the second bumper. The mesh also
spreads the debris over a wider area than a conventional wall and thus reduces the impact
force on the second wall. The second bumper is used to shock the fragments and melt or
vaporize them or further pulverize them[13]. The third layer, the Spectra cloth, is used to
slow the advance of the debris cloud from the second wall and reduce the momentum loading
on the back bumper. The purpose of the back plate is to resist the impulsive loading from
the debris cloud[13].

The spacing between the walls of the shield is based primarily on the diameter of the
particles hitting it. Optimum spacing between the first two bumpers should be at least 3
times the diameter of the particle. Optimum spacing between the last two walls should also
be around 3 times the diameter of the particle. The optimum overall spacing between the
front wall and the rear wall should be at least 30 times the diameter of the particle. This
arrangement can be seen in Fig. 9.4 .

The sizes and speeds of the hypervelocity particles can vary from the very small to the
very large. The best thing for design is to base it on the average sizes and speeds of the
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particles that can be encountered. The mass of the meteorites can range from 0 to over 1000
kg. As can be imagined, to design a shield to protect against a particle of up to a couple of
thousand pounds is almost impossible with today’s technology. Most of the lunar dust is less
than 5 mm in diameter[11], so the shield will be designed with this in mind.

9.3 Consideration of Tile Shielding

There is a need to have a shielding system that will be easy to replace or repair. The
lunar environment does not allow for completion of complex tasks, so the system has to be
easy for the astronaut in the cumbersome suit. The proposal for this project is to use a tile
system for both the servicer and the transport. This will allow the astronaut to replace the
shielding with ease since it will be close to a “modular” design.

This design allows for a simple outer shell to cover the whole lander. The tiles can be
attached in a fashion similar to that of the space shuttle. The tile design also allows for easier
transport because it can be stored easier than a whole shell design. This will help in the
reduction of weight and space requirements. These tiles can also be compatible between the
servicer and the iransport. Only one shield style will be necessary, which will help to reduce

costs.

The tile contains the micrometeorite protection and the radiation protection. The rear
aluminum wall is used as the radiation protection and the four walls serve as the micromete-
orite protection, as described above. The tiles will have to be replaced only when damaged
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by large meteorites or after the tiles radiation life time, where it would have to be replaced
with a fresh tile because of the built up secondary particles.

9.4 Future Considerations on Shielding

The intermediate and rear bumpers of the shielding can be studied further in the area of
lighter and stronger materials and composites. A study in the feasibility of the manufacturing
of shielding materials for radiation and micrometeorite protection from the lunar surface
materials can also be made.
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10. Transportation System

The transportation system for this year’s design project is actually a “bookend” type of
consideration and not the main focus of the design work. Because the transportation system is
an adjunct project component to the servicer, most of the design work for the transportation
system is conceptual. Much of the design of the transportation system is concerned with
modifying lunar transportation systems that are already in existence or have already been
designed.

One of the most important considerations for the transportation system is that it must
be multipurpose. Strictly speaking, the transport itself does not have to be multipurpose
for it to function properly, but it must be multipurpose in order to justify the time and
expense that will go into the design and manufacture of the transportation system. As
mentioned previously, the transport system is simply a secondary part of the LLGSS. The
main purpose for the transport system for the LLGSS is to provide the servicer with a mode
of transportation to and from the base and to take any cargo and/or crew to or from the
lander. During one period of operation, the servicer may function continuously for a period
of up to 180 days. During that same period of operation, the transportation system will be
used for 6.5 hours at the beginning of the cycle to deliver the servicer and pickup crew or
cargo; 52 hours during the operation of the servicer for weekly maintenance of the servicer
and tank change-out assuming a two hour maintenance period; and 6.5 more hours at the end
of the working period to take crew or cargo to the lander and retrieve the servicer. Therefore,
during a working cycle of 180 days for the servicer, the transportation system will be used
only 1.5% of the time. If the transportation system were not multipurpose, it would be
sitting idle for over 98% of a working cycle, which is not very efficient. From this perspective,
a transportation system that can perform other tasks while it is not needed for the LLGSS
is much more practical.

9.4.1 Operating Conditions

Another major concern for designing the transportation system is the lunar environment
itself. Unfortunately, no prepared roads or highways already exist on the moon, so the
transport will have to be able to move in the lunar soil and dust. The lower force of gravity
the moon exerts makes traction difficult. In addition to the poor driving surface, the transport
may also encounter rocks, craters, and other obstacles while it is operating on missions that
require it to travel away from any prepared surfaces near the base. Therefore, it is necessary
to find a design for the transportation system that will be able to encounter the rough lunar
terrain.

10.1 Prime Mover

The prime mover, as seen in Fig. 10.1 , will be the basis for transportation on the moon,
and is simply an unpressurized heavy duty lunar rover. In addition to using the Prime
Mover for the transportation system of the LLGSS, the astronauts may use it for simple
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Figure 10.1. Prime Mover.

transportation around the base. Eagle Engineering has produced a conceptual design for
their own lunar rover that has been outlined in [16]. The rover that Eagle Engineering
designed has a mass of 650 kg and a payload capacity of 1000 kg. The rover that will be used
as the Prime Mover for this project will have to be a bit more rugged and stronger than the
one considered by Eagle Engineering , and will have an estimated mass of 3000 kg. Eagle
Engineering designed their rover primarily for simple transportation and did not consider it
for other purposes. The Prime Mover as outlined for this project will serve more purposes
than the rover designed by Eagle Engineering .

The Prime Mover for this project will essentially be of the same form as the rover designed
by Eagle Engineering and the lunar rover used for the Apollo moon exploration missions. The
Prime Mover will be unpressurized and open to the lunar environment, which will necessitate
the use of EVA suits by the astronauts. For the LLGSS, the Prime Mover will be the “field
command center” of the operation. The astronauts will be seated in the Prime Mover when
they are driving the transportation system to and from the landing pad in order to control
the transportation system . All of the wheels on the carts that are attached to the Prime
Mover will be independently motorized, but the power for the motors will come from the
PEM fuel cells that will be on the back of the Prime Mover . The fuel cells used on the Prime
Mover are discussed in the Power section of this report. The carts that are attached to the
Prime Mover also have no means of independent means of steering and depend upon the lead
of the Prime Mover for steering.
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10.1.1 Power Requirements

The power requirement of the transportation system was determined by using the simple
physical equations relating power to force, velocity, and time. According to Soil Man, a
vehicle will require 0.08 E:,Vn_/ii of power due to rolling resistance [17]. With a total combined
mass of 7,000 kg, the entire transportation system will require 2.5 kW of power to travel at
a constant speed of 4 km/hr along a level path to and from the landing pad. When the
transportation system is carrying the servicer or the pressurized cart with astronauts inside,
the transportation system should go no faster than 4 km/hr in order to avoid severe jostling
of the servicer and the astronauts inside the pressurized cart .

While the Prime Mover is on a mission by itself, it may travel at speeds of up to 10
km/hr. Speeds faster than 10 km/hr are too fast for the rough terrain of the lunar surface.
The Prime Mover may encounter slopes of 30° while it is on a mission away from the base.
Assuming the worst case of a 30° slope that the Prime Mover will encounter while travelling
at the maximum speed of 10 km/hr, the Prime Mover will need 6.8 kW of power just to go up
the slope plus an additional 2.4 kW of power to compensate for the rolling resistance. With
a factor of safety of 2, the Prime Mover will need 18.4 kW of power.

Probably the worst case scenario would involve the Prime Mover starting from a dead
stop and accelerating up a 30° slope at 0.278 m/s? to a velocity of 10 km/hr. For this case, the
Prime Mover will require 9.2 kW of power for the acceleration up the slope and an additional
2.4 kW of power to overcome the rolling resistance of the lunar soil. Again, using a factor of
safety of 2, the Prime Mover will require a maximum of 23.2 kW of power.

The fuel cells that will be used for the Prime Mover are PEM fuel cells manufactured
by Ergenics Power Systems Inc, and have a peak output of 1.6 kW of power. Combining
15 of these fuel cells will provide a peak power output of 24 kW. The 15 fuel cells will be
placed on the back of the Prime Mover , and some may be removed or added, depending upon
the mission requirements. According to Ergenics Power Systems Inc, their PEM fuel cells
consume 320 g/kW hr of oxygen and 40 g/kW hr of hydrogen. Thus, for the worst case of
needing 24 kW of power, the fuel cell will consume 7.7 kg/hr of oxygen, 1 kg/hr of hydrogen,
and will produce 8.7 kg/hr of water. For the more reasonable mission of taking the servicer
back and forth to the landing pad, the fuel cells on the Prime Mover will only consume 1.6
kg/hr of oxygen, 0.2 kg/hr of hydrogen, and will produce 1.8 kg/hr of water. The details and
calculations for the power requirement of the Prime Mover may be seen in Appendix F.

10.1.2 Prime Mover Attachments

In addition to providing basic transportation around the base, several attachments have
been designed for the Prime Mover so that it may perform other tasks around the base. These
attachments will mainly be used for construction work and surface preparation. A couple of
the attachments for the Prime Mover may be seen below in Fig. 10.2 . The roller attachment
as seen in Fig. 10.2(a} is similar to a steam roller on earth because it is used to compact the
lunar soil and dust. The roller will be constructed so that it is hollow. This will reduce the
weight of the roller attachment significantly, for a solid roller to compact the soil will have to
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Figure 10.2. Attachments for the Prime Mover (a) roller attachment, (b) scraper attach-
ment.

be quite heavy. Because the cost of sending 1 kg of cargo to the moon costs nearly $10,000,
weight conservation is a big issue. Once the roller is on the moon it may be filled with soil,
dust, and rocks from the lunar surface to give it the weight necessary for compacting the
lunar soil. The scraper attachment shown in Fig. 10.2(b) is used in a fashion similar to a
road grader on earth. The scraper will essentially scoop up any rocks and soil on the surface
to create a level area. Once the surface has been levelled by the scraper, the roller may be
used to finish preparing the area for a road, landing pad, or even as a foundation for some
structure.

10.2 Trailer

The trailer of the transportation system 1s a simple flatbed trailer. The trailer involves a
little more actual design for this project because the trailer will work in conjunction with the
robotic arm that will be used to lift the servicer and cargo. The trailer as shown in Fig. 10.3
is 8 meters long, 3 meters wide, and is 1.5 meters in height. This does not include the height
of the robotic arm. The estimated mass of the trailer is 2000 kg unloaded and without the
robotic arm. The robotic arm has a mass of 450 kg and is located at the rear of the trajler.
The trailer will use six independently motorized wheels. The rear wheels are placed next
to each other to support the weight of the robotic arm and the additional forces that will
be placed on the robotic arm while it is lifting the servicer and/or cargo. The servicer is
estimated to have a mass of 3000 kg. Assuming that 3000 kg is the largest amount of mass
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Figure 10.3. Trailer With Robotic Arm.

that the robotic arm will Lift, this will create a moment large enough to tip the trailer over
when it is Lfting 3000 kg. Therefore, it is necessary to place extendable foot pads that will
extend 1.5 meters from the trailer and provide the necessary support for the trailer to remain
stable while the robotic arm is lifting. This is especially needed when the load is off to the
side of the trailer.

10.2.1 Servicer Tie-Down

Another important feature of the trailer is some means to enable the servicer and other
cargo to remain on the trailer while it is in motion. Obviously, the transport will not be
breaking any land speed records as far as acceleration is concerned, so the servicer or cargo
will not slide around solely due to acceleration of the transport, which is only 0.278 m/s?. For
a parcel of cargo that has a mass of 1000 kg, the coefficient of friction between the bottom
surface of the cargo parcel and the trailer surface only needs to be 0.176, which is quite small,
to prevent motion of the cargo. The details may be seen in Appendix E. The road out to
the landing pad will be rough even though it will be prepared. The rough ride will cause an
unrestrained cargo parcel or the servicer to move around and slide off the trailer which will
result in severe damage. Therefore, some type of restraining device is required in order to
keep objects on the trailer from falling off.

A very simple restraining system for the trailer is shown in Fig. 10.4 . The restraining
system consists of small tracks that are permanently affixed to the top of the trailer surface
along each side. A cross-section of the tracks may be seen in Fig. 10.4(a). The tracks will
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Figure 10.4. Cargo/Servicer Restraint for the Trailer.

be manufactured with open ends that will have plastic endcaps. This will ease the cleaning
process of the tracks that will surely accumulate lunar dust because they are open to the
environment at the top. Cleaning the tracks will be a simple matter of removing the endcaps,
sliding the guides out through the open ends, and blowing a gaseous jet along the insides of
the tracks to remove any dust particles that have accumulated.

Fig. 10.4(b) shows a cross-section of the slide assembly that slides along the inside of the
tracks. The bottom piece of the slide assembly is the guide that actually slides inside of the
tracks. The top piece of the slide assembly is a rail that is connected to another guide on the
other side of the trailer. The rail is the device that holds the cargo and/or servicer in place,
and is attached to the guides by a pin joint that is sealed from the lunar environment. The
rail is attached to the guides with pin joints so that the rails may be rotated to any angle to
compensate for any orientation that the cargo or servicer may be placed onto the servicer.
Fig. 10.4(c) shows how the components fit together. As mentioned previously, the tracks are
free to rotate to any angle as is shown by the top view in Fig. 10.4(d). The servicer will
have special foot pads designed to work in conjunction with the restraining system. Once
the servicer is placed onto the trailer, the rails may be slid into place to sit just above the
servicer’s footpads and to rest against the side of the servicer. Once the rails are in place,
they may be “locked down” in order to prevent them from sliding, thus keeping the servicer
and cargo in place on the trailer.

10.3 Pressurized Crew Transport
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Figure 10.5. Pressurized Crew Cart.

For the scope of this project, the pressurized crew transport, as seen in Fig. 10.5 , will
be used only when the lunar lander is in the crew mode. The pressurized crew transport is
simply a pressurized trailer that will be used to take the crew from the lander to the base, or
from the base to the lander. Using the pressurized cart to transport the crew eliminates the
use of cumbersome EVA hardware and the need for a man-rated crane to remove the crew
module from the lander with the crew still inside for transport to the base.

The pressurized cart to transport the crew members around, designed by Eagle Engi-
neering [16], is shown below in Fig. 10.5. The pressurized cart was not actually designed for
transporting crew from the lunar lander to the base. Eagle Engineering originally designed
the pressurized cart as a habitation unit for scientists on extended exploration missions during
the early years of lunar operations. The pressurized cart , called the Habitation Trailer Unit
by Eagle Engineering, has been designed to comfortably house several scientists for periods
of up to three months. While the trip from the landing pad to the base will only take sev-
eral hours at the most, the pressurized cart makes an excellent way for astronauts to travel
without the use of cumbersome EVA suits. Another advantage of using the pressurized cart
is that it will already be built and in use by the time its services will be needed.

One concept for transferring the crew of the lunar lander from the pressurized lunar
module to the pressurized crew transport is through the use of a pressurized tunnel. The
pressurized tunnel, also designed by Eagle Engineering [18], is shown in Fig. 10.6 . The
pressurized tunnel is similar to mobile stairways used by airlines. According to Eagle En-
gineering, the tunnel is basically a trailer with a special pressurized tunnel and universal
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Figure 10.6. Pressuized Crew Transfer Tunnel.

docking adapters/hatches at both ends of the tunnel, and will have a mass of approximately
3 metric tons. Like all of the components in the transportation system , the wheels of the
pressurized cart will be independently powered so that it may be moved easily. The ends of
the tunnel are flexible so that it will be able to mate with the unlevel hatches of the lander
and the pressurized cart . The ends of the pressurized tunnel will be raised up and down
using power screws and motors as shown in Fig. 10.6.

10.4 Modularity and Compatibility Considerations

In order to make repair and manufacture of the transportation system easier and more
economical, the common parts of the Prime Mover , trailer, and pressurized cart should be
standardized. Examples of some of the common parts are wheels, motors, cables, and hitches.
If the common parts are the same, one or two spares of the same part could be taken along
on a mission to repair a broken part on any vehicle. If the common parts are different, then
a spare of each type must be taken along on a mission for backup. Three or four motors of
different sizes would certainly take up more room than one or two motors of the same size.
Identical parts would also make operations for a stockroom and manufacturing plant much
easier also. Manufacturing several different parts would require adjustments to the machines
that produce the parts, and possibly even several distinct machines. If the parts are the same
for each vehicle, manufacturing plants would only require one set-up. Stockrooms would not
need to know which part went to what vehicle. If someone came in and wanted a tire, the
stockroom clerk would simply go over to the tire bin and pull out any of the tires in the bin to
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give to the person, because one size fits all. Manufacturing parts common to each vehicle to
be identical makes more sense than manufacturing different parts to perform the same hasic
function.
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11. Control Systems

The control systems described in the following report are designed to monitor the three
umbilical units which connect the lander to the servicer, and the mobile robotic arm. All
of the control systems designed for this project are based on microprocessor technology,
which allows for easier “task-specific” manipulation. The control system design was based
on a series of criteria which included the ability to withstand the extreme fluctuations in
radiation, temperature, and other factors unique to the lunar environment. All controls are
based on a closed-loop system wherein sensors and encoders are used to feedback signals for
control purposes. These components are also used for the identification of an unknown or
changing process|19).

11.1 Hydrogen Umbilical

The first of the two umbilicals connecting the servicer to the lander will be used for the
transportation of cryogenic liquid hydrogen. The same umbilical will be used to transport
the hydrogen boil-off from the lander to the servicer, and return the reliquified hydrogen to
the lander. The pressure, temperature, and flow rate inside the umbilical must be closely
and accurately monitored. The control system designed for this purpose consists of a central
control unit located on board the servicer, and sensors distributed within the umbilical.

11.1.1 Control Unit

The central control unit is based upon the Model SP3000 Control Unit produced by Spon-
sler Inc[20]. This unit is self-diagnostic, self-contained (modular), and at .22 M x .31 M x .19
M it is relatively compact. The unit is capable of monitoring and adjusting the temperature,
pressure and flow rate within the umbilical, and can itself withstand temperatures ranging
from 0 to 120 degrees Celsius. An automatic “shut-off” feature is provided in the event of a
punctured or torn umbilical which would be exhibiting an unusual decrease in pressure and
increase in flow rate.

11.1.2 Sensors

There are three types of sensors involved in the hydrogen umbilical control system. The
first of these, the Sponsler series GR-200 Germanium Resistance Temperature Sensor, will
be employed in the measurement of the temperature of the hydrogen in its liquid state[21].
It is capable of accurately sensing temperatures ranging between .05 K to 100 K, and is
particularly sensitive and extremely low temperatures. The second type of sensor in this
system, the Sponsler Series RF-800 Rhodium-Iron Resistance Temperature sensor, will be
used to measure the temperature of the hydrogen in its gaseous state[21]. Its operational
sensing range is between 1 K and 500 K and gives a nearly linear response at temperatures
above 100 K. The last of the three hydrogen sensors is the Sponsler Precision Turbine Flow
Meter, which will be used to measure the flow rate of the hydrogen in the umbilical[22]. The
unit has unlimited pressure capabilities, and can withstand temperatures ranging from 16 K
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Figure 11.1. Servicer.

to 811K. All of the sensors chosen for this system are highly stable and operate with a high
percent of accuracy.

11.2 Power Umbilical

The second umbilical connecting the servicer to the lander is used to transmit power from
the servicer to the lander. A control system is required to monitor and adjust power levels as
the requirements of the lander change periodically. The central control unit is operated by a
TTL Microprocessor- Based System. The sensors, which are located on the umbilical and the
servicer will consist of two volt meters. These meters will monitor the amount of power that
is remaining in the lander’s power supply, the amount of power remaining in the servicer’s
power supply, and the amount of charge that is exchanged between the two. The sensors will
relay this information to the microprocessor/computer which will adjust the amount of power
exchanged hetween the lander and servicer based on changing requirements. See Fig. 11.1 .

11.3 Robotic Arm

The control system for the robotic arm will monitor the angle of each arm piece, the strain
on each joint and arm, the object-arm incident pressure, and the environment surrounding
the arm. The control system is also able to interrupt the activity of the arm in order to
prevent damage to the arm itself or harm to personnel and equipment. The arm is primarily
operated by a teleoperational system, however the process of aligning the end-effector with a
target object will be carried out by an automated control system. See Fig. 11.2 .
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Figure 11.2. Robotic Arm.

11.3.1 Lifting and Rotation

The angle sensors will monitor the amount of angle with respect to each arm piece[23).
Each arm piece is connected to a joint which will be equipped with an optic sensor to record
this data. The angle of each arm piece will be relayed to a microprocessor/computer which
will be able to determine the exact location of each arm piece relative to the arm base. The
strain sensors will measure the amount of linear and torque strain on each joint and arm.
The Strain-Gauge Load Cell uses a resistance gauge to monitor the amount of strain being
exerted on each piece[24]. If excessive strain is measured during an attempt by the arm to Lift
an object, the central control unit will not initiate the lift. In the event of a lift, the unit will
monitor the angular velocity strain exerted on the arm and will adjust the speed of rotation
should this strain prove excessive. The actions of the control unit will be visibly relayed to a
human operator via a series of colored lights. The Load Cells will be sealed within the arm
to help increase longevity of the sensor.

11.3.2 Object-Arm Incident Pressure

The pressure gauge will measure the amount of object-arm incident pressure. Initially,
a spring loaded parallel plate capacitor was considered. This capacitor would not give an
accurate measurement, however, because the capacitance is a function of both the area of
the plates and the distance of separation which were not great in this case. A better choice,
therefore, was a dual resistive sensor which would measure a change in resistance when it
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moves closer to an object. Target objects, which are themselves designed to be handled by
the arm, will be equipped with resistive strips which are detected by these sensors. The
sensors on the arm will enable it to automatically align its end-effector with respect to the
grip on the object. At this point in the lifting process, the arm reverts to its teleoperational
mode.

11.3.3 Environment Monitoring

The immediate area surrounding the robotic arm (ie. its environment) will be closely
monitored by a system of pressure pad sensors. These sensors will be capable of detecting
the presence of any body foreign to the environment and will automatically interrupt the
activity of the arm as a result. This feature was incorporated into the design of the arm
primarily as a safety measure. The interruption of activity will prevent harm to personnel
and/or equipment which find themselves in the path of the robotic arm, and will allow the
area to be cleared before resuming any activity. Although the interruption of activity will
occur immediately upon the application of pressure to the sensor pad, the arm will resume
its task only after a timed delay following the release of the pressure. This delay should allow
sufficient time for a complete clearing of the area surrounding the operating arm.

11.3.3.1 Pressure Pads

The pressure pads used in the environment monitoring system will be modelled after the
CVP3032 Safety Mat produced by Tapeswitch Corporation[25]. These pads are based upon
pliable “ribbon switch” technology which will allow them to be stored and transported on
spools. These spools can easily be designed as an integral part of the whole robotic arm
transport and operation vehicle. These pads are equipped with Fail-Safe Monitoring Circuits
which respond to power failures, open or shorted leads, or internal breakage. The system
automatically runs a series of self diagnostic tests upon start-up and shut-down to ensure the
proper working condition of each zone in the system. See Fig. 11.3 . -

11.3.3.2 Conclusion

The controls systems play an integral role in the operation of any automated system,
and are generally relied upon to accurately monitor and maintain safe and optimal working
conditions. Advances are being made in control system technology on a regular basis, and
eventually an entire integrated system may be available on a single chip. This project was de-
signed on the basis of available technology, with the understanding that a future developments
and discoveries will enhance and change it considerably.
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Figure 12.1. Iustration of Robotic Arm Connection to Cart.

12. Telerobotics/Teleoperations

In lunar base operations, the ability to load and unload supplies and cargo as well as well
as other heavy equipment will be essential to sustaining lunar base activity. Also, moving of
servicing equipment to support lunar lander operations will be required. To facilitate these
requirements, a robotics crane will be used that has maximvm maneuverability and lifting
capacity.

For the loading and unloading of cargo and equipment, which will equal approximately
20 Mt, a robotic arm with the a lifting capability of 3 Mt will be used. The robotic arm
will be transported using a motorized tractor; referred to as the prime mover (PM) which
will pull a cart which contains the robotic arm and servicer. Upon reaching the landing pad,
the robotic arm will be used to unload the servicer from the cart and place it near the lunar
lander. In its second mode, the arm will remove the 3 Mt segmented cargo and place it on
the cart for transport to the lunar base.

12.1 Mounting and Degrees of Freedom

The robotic arm will consist of a permanent mounting to the cart and will have a revolving
base capable of rotating 360° as shown in Fig. 12.1 . The arm will utilize two sections which
are connected using revolute joints. Shown in Fig. 12.2 , are exploded views of the arm
segments showing the planes of rotation for each segment and the corresponding coordinate
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Figure 12.2. Planer Rotation and Coordinate System for Each Arm Section.

system used. The base mounted section, subsequently referred to as section (1), will be
mounted to the revolving base using a revolute joint. Section (1) will have only one degree
of freedom in the x-y plane and a total rotation of 75°. This will include both positive and
negative rotation from the vertical. Section (2) which is connected to section (1) by means
of a revolute joint, will be limited to a total rotation of 60°, and for this section rotation
will consist of plus and minus angular displacements from the horizontal. Connected to this
second section, will be the end effector which will be interchangeable for different robotic
arm requirements. Three such different end effectors that will be utilized for these specific
applications include a hook, a clamping jaw, and a ball and socket type end effector.

For adequate cargo removal, it is required that the arm have a height capacity of 9.0 meters
(29.50 ft.) and a minimal reach in the x-direction of 10 meters (32.80 ft.). To determine the
appropriate lengths of the arm sections, it is first required to know the dimension of the
robotic arm cart and the positioning of the cart from the lunar lander.

For the cart, the dimensions will be 3.0 meters by 8.0 meters with a platform elevation
of 1.5 meters from the lunar surface. For the positioning of the cart next to the lunar lander,
it was estimated that a maximum distance of 3.0 meters was adequate. At this distance, it
was determined that interference of the cart or robotic arm would not be a problem and that
in the event of a mishap such as accidental dropping of the cargo or arm failure the lunar
lander would be far enough away that damage to the lander would not result. Also, just in
case an accident does occur, the cart containing the robotic arm will be positioned on the
opposite side of the lander away from the servicer, umbilicals and the EVA personnel. Using
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Figure 12.3. Simplified View of Robotic Arm Assembly.

the specification listed above for the cart and the positioning, It was determined that the two
sections for the arm must have a maximum length of 6.0 meters (19.70 ft.). Utilizing these
section lengths and the angular rotations previously mentioned, the maximum horizontal
reach in the x-direction will be 10.0 meters. This maximum reach occurs when section (1) is
at a full negative rotation (assuming counter clockwise is positive) of 45° and section (2) is
at horizontal. Note, when section (1) is at full rotation, section (2) will have to be rotated
to maintain horizontal positioning. For the y-direction, maximum reach is obtained when
section (1) remains vertical and section (2) is rotated to a full positive angular displacement
of 30° from horizontal. At these positions, a maximum y-direction reach of 9.0 meters (29.50
ft) is obtained. Shown in Fig. 12.3 , is a simplified illustration of the robotic arm showing
its sections and the drive system used.

12.2 Structural Evaluation

The structural criteria for the arm is crucial in that the arm will be subjected not only
to heavy load requirements, but it will also be exposed to environmental hazards that could
also cause failure to the entire arm or one of its components. Also, due to the high cost of
sending cargo into space; a cost which exceeds $10,000 per kg, weight is a critical aspect that
can not be ignored in the structural design.

12.2.1 Arm Loading
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Having the capability to carry increased amounts of weight makes the robotic arm more
feasible for lunar operation. This is due to the environmental conditions that are constantly
changing on the lunar surface, it is mandatory that expedient loading and unloading take
place.

For the robotic arm, determination of the maximum load carrying capability was deter-
mine by using the servicer weight and cart carrying capacity as a guideline. The cart carrying
capacity was derived using a program ;shown in the appendix, that calculates the maximum
weight that the soil can withstand and still maintain adequate cart traction and movement.
Utilizing this data gives a maximum arm carrying mass of 3000 kg (3Mt). Shown in the
appendix, are free-body diagrams that illustrate the location of the loading and the reactions
- that occur. As shown in these drawings, the major carrying weight of the arm is concentrated
at the end of section (2). Due to the long length of section (1), this weight tends to cause
large moments about the revolute joint in section (1) and the base. Because of these large
moments, the sizing of the arm segments is critical so as 