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FOREWORD

1

The results of work performed by Martin Marietta éorporation‘s
Denver Division while under contract to NASA Manned Spacecraft
Center are documented in this report entitled Development of «a
Stmulation Program for a Full Sizme Remote Manipulator System.
This report is submitted in fulfillment of an addition to Con-—
tract NAS9-11932 covering Preliminary Design of a Shuttle Dock-
ing and Cargo Handling System. The NASA Technical Monitor for
the Contract was Mr, Richard B. Davidson, of the Spacecraft De~
sign Division, engineering Technelogy Branch.
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I. INTRODUCTION

The objactive of this study is to investigate altermative
simulation methods that could be used to simulate zero-g oper-—
ation of a Remote Manipulator System (RMS). Man-in-the-loop
simulator methods considered were restricted to those in which &
full size manipulator arm could be incorporated. Other types of
simulators that could be used for various subsystem level design
tradeoffs were not included. Emphasis was placed on desirability
to incorporate in the simulation real mass and inertia properties.

This final report describes work conducted during the study
program. Chapter II covers the requirements for RMS space mis-
sions in terms of RMS functions, dynamic states, and work enve-
lopes. The critical simulation requirements presented in Chapter
II1 1nclude degrees of freedom and orientation of task with re-—
spect to gravity. In Chapter IV airpad, cable suspension, servo-
driven, and neutral buoyancy simulation methods are deseribed and
design considerations presented. A comparison of these simula-
tion methods 1s contained in Chapter V. The final three chapters
describe the study effort that was expended after the most effec-
tive simulation method was selected. Chapter VI discusses design
aspects of a full size remote manipulator arm that will operate
in one-g enviromment. Chapters VII and VIII cover airpad simu-
lator options and mission simulation capabilities.
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IT. RMS MISSION REQUIREMENTS

I3

Requirements of space mission elements covered in this chapter
constitute a detailed definition for simulatiom considerations of
the space problem. Simulations used to investigate RMS perfoﬁ!@’y
mance ideally should duplicate these requires as closely as .
possible.

The space mission elements studied include:

1) Unstowage and deployment of RMS;

2) Berthing Shuttle to Space Station or other orbital
pavloads;

3) Cargo transfer: )

4) Deployment of payloads;

5) Retrieval of orbiting payloads;

6) Maintenance on orbiting vehicles and payloads—~Shuttle
docked;

7) Maintenance on orbiting vehicles and payloads——Shuttle
not docked.

For each mission element, the BMS functions, dynamic state,
and work envelope are defined.

A. TFUNCTIONAL BREAKDOWN OF RMS MISSIONS

This subsection describes the BMS functional requirements,
according to the various elements of a Shuttle mission, which re-
quire RMS operation. These mission elements are described
according to the tasks of which they are comprised.

1. Unstowage and Deployment of RMS (Mission Element No. 1)

This mission element is prerequisite to any other RMS mission
element and is comprised of the following tasks:

a) Unstow RMS (including manipulators and associated
equipment) ;

I1-1



b) Deploy manipulator(s);
¢) Maneuver manipulator to standby position or position
for next mission element,

2. Berthing Shuttle—-to-Space-Station or Other Payloads (Mission
Element No. 2)

Two alternatives for the function of the RMS during this
mission element are being considered: {1) the manipulator is
envisioned as being used strictly as a sensor of the cleose-in
relative position between the Shuttle and the docking target;

(2) the manipulator exercises its torque capability to assist

in eliminating the relative wmotion of the two bodies.* For pur~
poses of this report the first alternative is chosen and there-
fore it is assumed that energy for the maneuver will be supplied
by the Shuttle thrusters. Further, it is assumed that the initial
relative motion of the two bodies is such that the manipulator can
attach to and move with the target in such a way that only small
forces of interaction are generated.

This mission element is comprised of the following tasks:
a) Maneuver manipulator to target attachment interface;
b) Attach terminal device to target attachment interface;
c) Set manipulator actuator systems to decking mode}

d) Provide positional and velocity information to the
Shuttle control system;

e) Release terminal device from target attachment inter—
face; ’

f) Maneuver manipulator to standby position or position
for next element. -

3. Cargo Transfer (Mission Element No. 3)

The mission element consists of transferring and docking Space
Station modules from the cargo bay of the Shuttle to the Space
Station. (See Fig. II-1.)

During this mission element the Shuttle will be docked to the
Space Station. The Remote Manipulator System (RMS) will be trans-
ferring mass from one point to another in the combined Shuttle/
Space Station. The combined system will be driffing with residual
angular and linear velocities,

#A third alternative is a combination of these two.
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Fig. II-I Space Station Moduie Unload, Transfer and Dock

I1-3



The mission element is comprised of the following tasks:

a) Maneuver manipulator to cargo attachment interface;
b) Attach manipulator to cargo with terminal device;
c) Unstow and remove cargo from cargo bay;

d)} Transfer cargo to docking area on Space Station;

e) Dock cargo to Space Station docking port;

f) Release terminal device from cargo attachment inter-
face} -

g) Maneuver manipulator to.standby position or position
for next mission element.

In this mission element, the payload is removed from the cargo
bay and deployed using the extended manipulator. (See Fig. II-2.)
1t is assumed that the Shuttle is oriented properly before the
manipulator is extended. Then the payload can be deployed as soon
as the manipulator has been extended to its end positien.

The mission element is comprised of the following tasks:

a) Maneuver manipulator to payload (cargo) attachment
interface;

b) Attach terminal device to payload;

¢) Unstow and remove payload from cargo bay:
d) Transfer payload to deployment point;

e) Deploy payload; .

f) Maneuver manipulator to standby position or position
for next mission element.

5. Retrieval of Orbiting Payloads (Mission Element No. 5)

For this mission element, the Shuttle will fly to a station-
keeping point relative to the payload to be retrieved. The rela-
tive angular and linear velocities will be arrested as accurately
as possible, and then the thrusters will not be fired again during
the retrieval., This will result in some residual relative angular
and linear velocities.
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II-2 Payload Deployment

Fig.
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The payloads may include some that are slowly tumbling or
spinning. The tumble or spin will be slow enough that spinup of
the manipulator terminal device will not be required.

\n
4
Grappling will be performed with the manipulator terminal
sdevice.
The mission element is comprised of the following tasks:
a) Maneuver manipulator -to region of target;
b) Maneuver terminal device to attach/grapple target;

¢} Maneuver manipulator with attached target to Shuttle
cargo bay; .

d) Dock cargo to Shuttle pallet im cargo bay;
N e) Release terminal device from cargeo attachment interface;

f) Maneuver manipulator to standby position or position
for next mission element.

6. Maintenance on QOrbiting Vehicles and Payloads — Shuttle Docked
(Mission Element No. &)

Tor this mission element, the Shuttle is docked with the orbit-
ing vehicle or payload. Servicing and maintenance includes re-
placement of modules. If tasKs requiring a high degree of dex-
terity are to be run, this capability will have to be incorporated
in the terminal device.

The mission element is comprised of the following tasks:

a) Maneuver manipulator to region of maintenance module
on vehicle to be serviced;

b) Attach terminal device to module;
¢) Remove module from vehicle;

d) Transfer meodule to cargo bay;

e) Stow module in cargo/bay;

f) Maneuver manipulator to region of replacement module
in cargo bay;

g) Attach terminal device to module;
h) Unstow and remove module from cargo bay;

i) Transfer module to maintenance region on vehicle;
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j) Replace module on vehicle;

gt

k) Release terminal device from maintenance module attach-
ment interface;

1) Maneuver manipulator to standby position or position
for next mission slement.

7. Maintenance on Orbiting Vehicles and Payloads-Shuttle Not
Docked (Mission Element No. 7)

This mission element is the same as wission element No. 6
except the Shuttle is not docked to the payload. The subtasks to
be performed are the same. The interactions between the manipula-
tor and the payload will be different.

8. Large Space Telescope Servicing

The previcusly described mission elements were used in the
study to determine simulation requirements and design comnsiderat-
ions. Goodard Space Flight Center provided Table II-1, which is
included in this report as a more specific example of these mission
elements.

B. DYNAMIC STATE

The RMS tasks listed in the previous section were analyzed for
the first seven mission elements to determine the character of the
forces and motions involved. All foreseeable contributions to the
dynamic state, regardless of their magnitudes, were included.
Motions and forces that were similar in character although of
varying magnitudes were treated the same. TFor example, motions
and forces during cargo transfer were considered ag equivalent al~
though they differ in magnitude if the Shuttle is berthed or if it
is unberthed (due to the increased system mass).

l. Dynamic State by Task

a. Unstowage and Deployment of RMS (Mission Element No. 1)

Task a Unstow RMS.- Unstowing the BMS will not influence
the dynamic state of the system.

I1-7



Table [1-1 LST Servicing®

PAYLOAD
FREE IN NEEDS
SPACE? FUNCTION SIMULATION HOTIONZ
Erection
Ne a Disengagement {of a holding
clamp) Yes LTo plane
Yes b. Elevation (unload} Yes Plane
Yes ¢ Deployment of appendage Yes Plane
Yes Release Yes Plane
Yes Checkout {spacecraft pre-
ferred orientation) Yes Plane
Yes £ Umbilicals (plugging and
unplugging) Yes £To plane
Docking (manipulator to LST)
Yes a. Approach Spacecraft with
Shuttle No
Yes b Clesing with mamipulator Yes Plane
Yes c. Capture latching Yes Plane
Yes d Holding No
Yes e. Umbilicals {plugging and
unplugging) Yes LTo plane
Retrieval
Yes a. Rotation Yes Plane
Yes b. Retraction into cargo bay Yes Plane
Yes ¢. LST placement into trumion
ring Yes Plane
No d Locking LST Yes 1 To plane
No e. Umbilicails (plugging and
unplugging) Yes 1 To plane
Resupply {assuming manipulator)
a. Repeat decking functions a-e
Yes b. Latching of modute from LST Yes Plane
Yes c. Removal of module from LST Yes Plane
Yes d Storing module in bay Yes Plane
No e Grabbing new module 1n bay Yes plane
Yes . Inserting new module on LST Yes Plane
Yes g Release LST Yes Plane
Resupply (assuming exchanger
platform mounted 1n bay
a  Repeat docking functions a-e
Yes b Bring LST down in preferred
orientation Yes Plane
No ¢ Latch LST to platform 1n
Shuttie bay - Yes L To plane
d Repeat a to ¢ 1n reverse
Resupply (assuming exchanger
elevated above bay via manip-
ulator arm})
a. Repeat docking functions
Yes b. Bring platform from out of
bay with other arm to
under side of LST
Ho ¢ Latch piatform to LST Yes Plane
No d Hold with arm No Plane
No e Release arm Yes Plane

f Reverse steps a to ¢ above

*An example provided by Goddard SFC

1.
2.

Different1ates whether the pay?oad 15 1n space or 1n cargo bay.
The primary intended motion 1s either 1n X-Z plane or
perpendicular {1) to 1t.
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b.

Task b

Task c-

Deploy manipulator(s).

Forces: Joint torques will be requlred to deploy
the manipulator and, therefore, reactions to these
torques will act on the Shuttle.

Motion: The manipulator motion relative to the
Shuttle can be expected to invelve all of the joint
degrees of freedom (DOF). The Shuttle will be =~~~
moving with six DOF in inertial space. The reac
tion torques due to manipulator deployment will
induce a slight perturbation in this motion.

Maneuver manipulator to standby position or posi-
tion for next mission element.— The forces- and
motions have the same character as in task 1.b.

Berthing Shuttle—to—-Space-Station or Other Payloads

(Mission Element No. 2)

Task a

Task b

Task ¢

Task 4

Maneuver manipulator to target attachment inter-
face, ~ The forces and motions have the same
character as in task 1.b.

Attach terminal device to target attachment inter-
face, -

Forces: There will be impact forces between the
terminal device and attachment interface., These
forces will be transmitted through the manipu-
lator to the Shuttle.

Motion: The motion of the manipulator relative
to the Shuttle will be minimal during this task.
The motion of the Shuttle relative to the Space
Station will be perturbed slightly by the impact
forces. The motion of the Space Station in
inertial space will also be perturbed slightly,

Set manipulator actuator systems/to docking
mode.~ This task will not affect the dynamic
state of the system.

Provide position and force information to the
Shuttle control system.-—

Forces: Due to friction at the joints, there will
be torques acting on the arms; hence, there will
be reaction torques acting on the Shuttle w1ll
Space Station.
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Motion: The motion of the manipulator relative to
the Shuttle will involve, to some degree, all
joint DOF.

The motion of the Shuttle relative to the Space
Station will entail six DOF.

The motion of the Space Station in inertial space
will alse involve six DOF.

Tasks e and £ Release terminal device from target docking
attachment interface and maneuver manipulator to
standby position. - The motion and forces have
the same character as in task 1.b.

Cargo Transfer (Mission Element No. 3)

Task a Maneuver manipulator to cargo attachment inter-
face.~ The characteristics of the motion and
forces are the same as task 1l.b.

Task b Attach manipulator to cargo with terminal device. -
Forces: There will be impact forces between the
terminal device and the cargo.

Motion: The motion of the manipulator relative

to the Shuttle will be minimal during this task.
The impact forces will have o effect on the motiom
of the Shuttle/Space Station combination.

Task ¢ and d Unstow, remove and transfer cargo to docking
on Space Station -
Forces: Larger joint -torques will be required to
move the cargo/manipulator combination; hence,
larger reaction torques will be acting on the
Shuttle/Space Station combination.
Motion: The motion will have the same character-—
istics as in task 1l.b.

Task e Dock cargo to Space Station docking port. — The
motion and forces have the same character as in
task 3.b. The impact forces will have greater
magnitudes.

Tasks £ and g Release cargo and maneuver manipulator to

standby position.- The motion and forces have the
same character as in task 1.b.
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dl

Depiloyment of Payloads (Mission Element No. 4)

Task a

Task b

Task ¢

Task d

Task e

Task f

Maneuver manipulator to payload attachment inter-
face.~ The forces and motien have the same charac—
teristics as in task 3.b.

Attach terminal device to paylead. — The forces
and motion have the same characteristics as in
task 3.b.

Unstow and remove payload from cargo bay. - The
forces and motion have the same characteristics
as in task 3.c.

Transfer payload to deployment point. -~ The forces
and motion have the same characteristics as in
task 3.d.

Deploy payload.- Forceg and motion: The deploy-
ment of the payload will produce a reaction force
on the Shuttle which, in turn, will perturb the
motion of the Shuttle in imertiasl space. The
size of the perturbation will depend on the mass
of payload and wvelocity of deployment.

Maneuver manipulator to standby position.— The
forces and motion have the same characteristics
ag in task 1.b.

Retrieval of Orbiting Payloads (Mission Element No. 5)

Task a

Task b

Maneuver manipulator to region of target - The
forces and motion have the same characteristics
as in task 1.b.

Maneuver terminal device to attach/grapple target.-
Forceg: There will be contact forces between

the manipulator and corresponding reaction forces
on the Shuttle. The magnitude of these forces

will depend on the inertia properties of the

target and Shuttle prior to attachment.
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2.

Moticn: The motion of the manipulators relative
to the Shuttle will be minimal during this sub-
task. Prior to attachment, the target will be
moving with six DOF relative to the Shuttle and
during this subtask, this motion will be arrested.
The Shuttle will be moving with six DOF in in~
ertial space and this motion will be perturbed

by the reaction forces developed by grappling with
the target.

Task ¢ through £ Maneuver to cargo bay, dock carge to
bay paliet, release cargo and maneuver to standby
position.~ Motions and forces have the same
characteristics as tasks 3.d. through 3.g.

f. Maintenance on Orbiting Vehicles and Payloads — Shuttle
Docked (Mission Element No. 6)

For this mission element, the Shuttle is docked with the
orbiting vehicle or payload. Servicing and maintenance in-
cludes replacement of modules. If tasks requiring a.high
degree of dexterity are to be run, this capability will have
to be incorporated in the terminal device.

The motion and forces occurring in these tasks have the
same characteristics as in the cargo transfer tasks.

g. Maintenance on Orbiting Vehicles and Payloads - Shuttle
Not Docked {Mission Element No. 7)

This mission element is the same as Ne. 6 except the
Shuttle is not docked to the payload. The series of tasks
to be performed are the same. The interactions between the
manipulator and the payload will be different.

The motion and forces arising from this mission element
have the same characteristica as the retrieval of orbiting
payloads.

Dynamic State by Mission Element

A summary of the forces and motions associated with each mis-

sion element is given in Table TI-2. The dynamical features that
are listed include any motion or forces that occur at any time
during a particular mission and not just those which are present
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Tabie II-2 Dynamic State by Mission Element

MISSION ELEMENT

lational DOF
relatives to
Shuttle

element No., 3

element No. 3

element No. 3

DYNAMICAL 1) UNSTOW- 2) BERTHING 3) CARGO 4) DEPLOYMENT | 5) RETRIEVAL 6) MAINT- 7) MAINTE-
FEATURES AGE AND SHUTTLE TRANSFER OF PAYLOADS NANCE {SRUT- NANCE (SHUT-
DEPLOYMENT TLE DOCKED) TLE ROT
DOCKED}
Shuttle Reaction to | Reaction to Reaction to Same charac- Same charac- Same charac- Same charac-
Joint Joint tor- Jowmnt tor- ter as mssion| ter as mission| ter as mssion| ter as mission
torques ques and ques and im- element No. 3 | element No. 3 | element No 3 | element No. 3
wmpact forces | pact forces
between man- between man-
1pulator and ipulator and
. Space Station | cargoe
Lt
=
21 Manipu- Joint tor- Joint torques | Joint torques | Same charac- Same charac- Same charac- Same charac-
(= Tator ques and mpact and impact ter as mission| ter as mission| ter as mission| ter as mission
o forces from forces he- element No. 3 | element No. 3 | element No. 3 | element No. 3
&3 contact with | tween mamipu-
e, Space Station | lator and
= cargo
2 Space ot 1n- Impact forces | Space Station | Not involved Not 1nvolved Same charac~ Contact forces
Station volved and reactions | 1s docked to ter as mission| from manipu-
or other to friction Shuttle and element No. 3 | lator
orbiting torques at therefore ex-
vehicle Joints periences same
forces and
torques
Cargo or | Not in- Hot tnvolved contact Same charac- Same charac- Same charac- Same charac-
payload volved forces ter as mission| ter as mssion| ter as missionj ter as mission
Trom manp- element Ro. 3 | element No. 3 | element No. 3 | element No. 3
ulator
Shuttle 3 rotation- | Same charac- Sane charac- Same charac- Same charac- Same charac- Same charac-
al and 3 ter as mission| ter as mission{ ter as mission| ter as mission| ter as mission| ter as mission
translat- element No. 1 | element No. 1 | element No. 1 | element No. 1 | element No. 1 | element No. 1
1onal DOF
relative to
inertial
space
Manipu- Motions in- | Same charac- Same charac- Same charac- Same charac- Same charac- Same charac-
S| lator volving all | ter as mission| ter as mission| ter as mission| ter as mission| ter as mission| ter as mission
g Joint BQF element No. 1 {element No. 1 | element Mo. 1 | element No. 1 | element No. 1 | element No. 1
= Space Not in- 3 rotational Same motion Not invoived Not involved Same charac- Same charac-
Station volived and 3 trans- as Shuttle ter as mission| ter as mission
or other Tational DOF element No. 3 | element No. 2
orbiting relative to
vehicle Shuttie
Cargo or | Not in- ot 1nvolved 3 rotational Same charac- Same charat- Same c¢harac- Same charac-
payload volved and 3 trans- ter as mission| ter as mission| ter as mission| ter as mission

element Ho. 3
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continuously. Further, only the characteristics of the dynamical
features are deseribed, with no attempt-being made to differ-
entiate between mission elements with respect to the magnitudes
of the various features.

It is recalled that all forseeable dynamic effects that will
occur during space operation have been included in the foregoing
description. A discussion pertaining to which of these effects
18 essential to a ground simulation is presented in Chapter 3,
Section A.

C. WORK ENVELOPE

When defining the RMS work emvelope in preparation for inves-
tigating simulation methods, it is important that one general
simulator characteristic be considered, namely, that most sim-
ulators can be degigned to provide large travel nominally in a
plane much more readily than in all degrees of freedom. Frequently
the validity of the nominally planar simulator is better, and at
the same time the simulator fabrication cost is lower.

The RMS reach envelope bounds all possibilities of the RMS
work envelope relative to the Shuttle. Certainly, the work
envelope must fall within these bounds. There are three specific
points of interest relative to the manipulator arm positions while
performing the cargo transfer tasks. These points, noted in
Fig. II-3 are:

a) Operator's viewing point;

b) ‘Terminal device attachment point when the target is in the
initial position;

¢) Terminal device attachment point when the target is in the
end position.

These three points define a plane that can be thought of as the
RMS task plane-of-action. The task, as the pilot will see it, is
to move the carge from B to C in a straight line within the con-
trollability of the RMS. Therefore, the RMS terminal device will
nominally be confined to a plane-of-action. However, the manibu—
lator elbow will not necessarily be confined to the plane-of-
action.
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The 15-m(50-ft) xeach distance of the manipulator arm within
the plane-of-action defines one dimension of the work emvelope.
The out—of-plane motion of the end effector is dependent upon the
controllability the pilot can maintain, Values for this bound can
only be determined through simulation. However, realistic esti-
mates can be made by determining what would be reasonable control
bounds for the tasks to be performed. The maximum distance the
terminal device will travel is 30-m {(100-ft). A reasonable es-
timate of the out-of-plane motion bound for a 15-m (50-ft) man-
ipulator arm is #3 m (%10 ft).

The previous discussion was limited to the cargo tranafer
tasks. However, three comparable points can be nominally defined
for each mission element with one exception. If there is any
obstruction between the start and end points, the pilot will fly
the problem in two sequenced planes—of-action to avoid the ob-
struction.

In summary, the work envelope is defined as a function of the
task to be performed. Once the task is designated, a plane-of-
action can be determined. The work within the plane-ocf-action
1s limited by the 15-m (50-ft) reach distance of the manipulator
arm and the out—of-plane motion [#3 m (10 ft)] by pilot con-
trollability. All potential orientations of the plane-of-action
are contained in the arm reach envelope (Fig. VII-9 of Report
MSC05218).
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ITI. CRITICAL SIMULATION REQUIREMENTS

A. DEGREES OF FREEDOM REQUIRED

In Section II,B, the character of all foreseeable forces and
motion was ditemized for the tasks associated with each mission
element. A summary of the findings is contained in Table II-2.
Examination of each of the columns in Table II-2 reveals that
each of the mission elements can be regarded as involving a body
A to which the manipulator arm is attached and a second body B
(Fig. III-1) which is contacted and moved by the manipulator arm.
In some cases, A represents the Shuttle alone (e.g., mission
element No. 1), while in others, A denotes the Shuttle docked with

Precontact Contact and Motion Release

Fig. III-1 Dynamic Model for Mission Elements

some other vehicle (mission element No. 3). Body B ranges in size
from small maintenance modules (mission element No. 6) to a large
Space Station (mission element No. 2). The ainitial and final
dispositions of B will vary from mission to mission. For example,
during cargo transfer, the initial and final locations of B lie
within body A, whereas, during payload retrieval, B is moved from
without to within body A. Thus, it can be seen that the model
shown in Figure III-1 is applicable (for analytical purposes) to
all mission elements. To identify the model with a particular
mission, one need only specify the proper initial and final con-
ditions along with the pertinent inertia properties.
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Having arrived at a dynamical model copmon to all missien
elements, it is possible to discuss the dynamical aspects of a
ground simulation without getting involved in a separate discus-—
sion for each of the mission elements.

First, with regard te the forces involved, one can conclude
that forces and torques will act on both of the bodies, A and B,
as well as the manipulator arm. These forces can be divided into
two categories: the so—called active forces associated with the
joint torques, and the inertia forces arising from the motions of
the various bodies. During a simulation, duplication of active
forces associated with a particular mission in space can be
obtained by providing the proper torgque motors for the manipulator.
Duplication of the inertia forces can be guaranteed by providing
the proper combination of inertia propertiles and freedom of motion
for the bodies involved. Assuming any combination of inertia
properties is available, it is necessary to determine what con-
stitutes the necessary freedom of motion (or degrees of freedom,
DOF) that must be provided to ensure a valid simulation.

Using the model shown in Fig. III-1, it can be seen that 1t
would be sufficient to provide six DOF for body A and six DOF for
B (the details of the motion of B relative to A being determined
by the constraints associated with the manipulator arm). Hence,
twelve DOF are sufficient for a valid simulation, but all of these
may not be necessary.

If one assumes that the motion of A in inertial space need
not be "seen' during the simulation, it is reasonable to investi-
gate under what conditions one can eliminate the motion of A
without degrading the fidelity of either the forces involved or
the motion of B relative to A. An analysis dealing with this
question is presented in Appendix A and the results are: It is
possible to eliminate the three translational DOF of body A with-
out fidelity degradation of the forces or the relative motion of
B to A if, during the simulation, the mass of B is chosen in
accordance with

P

B mA + mB

where m‘B is the mass of B to be used during a simulation, and

m, and m, are the actual masses of A and B during space oper-

ation. The foregoing conclusion is dependent upon the condi-
tion that the manipulator arm is massless. It was shown that

m [ITII-1]
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the mass of the manipulator arm has only a small influence

on the motion of the system in space and hence, very little error
is introduced by considering the manipulator to be massless.
Therefcre, it was determined that with proper mass adjustments,
the three translational DOF of body A (the Shuttle) could be
eliminated durding a ground simulation.

Having shown that the translational motion of A could be
eliminated, without appreciable error, by adjusting the mass of
B, it is reasonable to ask whether or not the rotational motion
can be eliminated by a similar adjustment in the moments of
inertia of B. The analysis necessary for this determination is
considerably more involved and was not performed as part of this
study. Instead, a conservative estimate of the error involved
in fixing the rotational motion without any adjustment in inertia
properties is presented in Appendix A, with the following results:
For small payloads, the rotational motion of the Shuttle can be’
eliminated without any adjustment in the inertia properties of
the payload. (What constitutes a small payload requires further
analysis, but it is estimated that those with masses of the order
of the manipulator mass can be considered small.) For the larger’
payloads, some form of compensation is required, The necessary
compensation might be obtained by proper adjustment of payload
inertia properties, or by computer augmentation, or both. The
computer augmentation would provide the proper "feel” by monitoring
the relative motion of B to A, calculating the necessary torque
compensation, and relaying thé necessary signals to the operator's
control mechanism,

Although not mentioned in Appendix A, an implicit assumption
made in arriving at the conclusions pertaining to the rotational
motion is that the initial angular veloclty of the Shuttle is
zero. If this were not the case, gyroscopic effects would enter
the problem resulting in additipnal forces and torques in the
system. If these effects are found to be appreciable, it would
be necessary to provide rotational motion for the Shuttle.

To summarize, it is possible to eliminate the three transla-
tional DOF of the Shuttle by adjusting the mass of the cargo in
accordance with Eq [TITI-1]. When the initial angular velocity of
the Shuttle is not appreciable, it is possible to eliminate the
rotational motion of the Shuttle byQprovidlng the proper torque
compensation. Appendix A presents a more detailed analysis of
this subject.
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B. ORIENTATION OF TASK IN SIMULATOR

In Section II.C on the work emvelope, it was concluded that
for each RMS migsion element a plane—of-action could be defined.
The terminal device translates in the plane-of-action withain the
controllabilaty bounds. However, the manipulator arm elbow moves
in and out of the plane-of-action as a function of the specific
task being done. The plane—of-action is defined by:

1) Operator's viewing point;

2) Terminal device attachment point when the target is
in the initial position;

3) Terminal device attachment point when the target is
in the end position.

The question to be considered is: What should the orienta-
tion of the plane-of-action be in a simulator? Two factors to
consider are the effects on operation of the full size manipula-
tor arm in the one-g environment and the simulator designs.

To introduce the manipulator arm structural bending charac-—
teristics as realistically as possible, it is desirable to have
the arm segment motich aligned normal to the gravity vector. This
should minimize any erroneous effects on bending characteristics
resulting from operating in a one-g enviromment. Thas rationale
indicates that the Shuttle should be oriented in a simulator fa-
cility so the RMS plane—of-action for each task corresponds to
the horizontal plane. Therefore, for most tasks the Shuttle would
be on its side or near that orientation.

In considering the effect on simulator design due to orienta-—
tion of the plane-of-action in the simulator facility, it is nec-
essary to realize that most simulators that can be used for the
RMS application can be designed more easily to provide large,
translational motion in two, rather than in three dimensions.
Also, simulator cost is considerably lower. This peint is ob—
served readily by reviewing the potential simulation methods
discussed in Chapter IV. 1In addition to the fact that simula-
tors can be designed more readily for nominal planar operation,
some simulators dictate a restriction on the orientation of the
planar operation. An obvious example is an airpad simulator
where the planar motion must be in the horizontal plane., In
this example, the Shuttle would nominally be oriented om its side.
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It can be concluded that for some simulation methods both the
effects on manipulator arm operation and simulator design will
dictate a horizontal orientation of the plane—cf-action. For
those cases where there 1is a contradiction on orientation, further
tradeoffs will have to be performed.

Another consideration to be studied and considered in task
orientation in a simulator is the effect on the RMS operator.
The primary display of RMS position and motion is direct viewing
by the operator. The cperator, however, will not have sufficient
windows to view the entire reach envelope or the areas obstructed
‘by cargo or other modules as would frequently occur during cargo
transfer. Therefore, a TV indirect viewing system will also be
required to control the RMS.

If the Shuttle is oriented on its side for RMS simulations,
then the operator's control station should be oriented similarly
in order to align the coordinate system of the RMS with that of
the operator for direct viewing. However, this orientation pro-
duces static vestibular/visual interactions that have experimen-
tally been shown to degrade visual alignment tasks. Therefore,
desigh considerations will have to ineclude a tradeoff between
coptically rotating the visual field and orienting the operator
on his side. ’

Optical rotation has several drawbacks in terms of intersen-
sory discordance between what is visually perceived, what if ac-
tually known, and what is perceived through other psychc sensors.
For example, for a rotated field of view, if the pilot can detect
any reference of real world vertical, he will bias his perceived
. vertical control axis towards the real world vertical. This ef-
fect will degrade visual aligmment tasks. In other words, the
operator tends to mentally model his world based upon all inputs
of logic, memory, vestibular, and visual cues. Any disparities
between these cues are apt to distort this mental model about one
or more axes, thereby degrading the operators control performance.
This degrading is different for different individuals and is not
readily alleviated with extensive training. Moreover, if the sim-
ulator is to be used for training of Shuttle crews, the transfer
of learning between the simulator and the Shuttle will also be de—
graded. TIf the field of view is rotated, the mockup should be
painted with highly reflective paint and the simulator covered
with flat black paint and curtains, in order to minimize any ref-
erence to the real world vertical.

QOrientation of the man on his side is an unnatural and uncom—

fortable position for the operator. It is not known to what extent
the operator's visual eligning capability will be degraded because
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of the intersensory discordance between the visually and vesti-
bularly perceived orientation cues. Transfer of learning is also
suspect if the operator is rotated onte his side.

In summary, if the Shuttle is oriented on its side, orienta-
tion of the operator should be an important design consideration.
More is known about the effects of rotating the field of view than
is known about the effects of orienting the operator on his side.
Therefore, without further investigation, the more conservative
appreach would be to rotate-the field of view and remove any vi-
sual cues of real world vertical from the window field of view.
Optical system/alternatives for rotating the field of view are
described in Appendix B. Orienting the cperator on his side may
create more severe intersensory discordance and would be uncom-—
fortable and fatiguing. '
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IV. SIMULATION METHODS

The RMS space operations simulator must simulate the inertial
reactiona of the Shuttle, manipulator arms, and target as they
interact with each other during each of the RMS missions. To
achieve thils condition in a laboratory, a state of weightlessness
should De provided for the RM3 and each vehicle, and friction
should be eliminated in both translational and rotational vehicu-
lar motion., However, a simulation of this ideal state can only be
approached, This should not be interpreted as indicating that RMS
simulations are not worthwhile or practical, On the contrary, sim—
ulators are extremely wvital to a manipulator technology program.
The simulator provides a tool for investigation and verification
of the RMS's concept and its operating procedures. The simulation
will provide a means for refinement of system design and perfor-
mance parameters.

Two modes of simulation capable of incorporating full size
manipulator arms are;

(1) the servo-driven mode and

(2) the natural reaction mode.
)

In the servo-driven mode the target mockup is servo-driven
so that its motion corresponds to zero~g space motion, This
requires measuring the interaction forces and torques between
the manipulator arm and the target vehicle and inputting them to
a computer program that generates the servo positiocnal commands.
Actual vehiele mass and inertia properties are used in the com-
puter program. <This method does not require the target mockup
to have full mass and inertia properties, Thus, this mode has
the advantage of easily varied and accurately reproduced mass
and inertia properties. The dimensions have to be full size
because the target must interface with a full size manipulator
arm. However, only portions of the target vehicle need be
mocked up. In addition, the target mockup's center of rotation
in the simulator does not have to coincide with the actual tar-
get vehicle cg location. Since only relative motion between the
manipulator arm and the target vehicle is important, a total of
six degrees of simulator motion can be used to simulate the 12
DOF problem where both the Shuttle and the target move. This is
a significant advantage of the servo-driven simulation mode. BMS
parametric data can be recorded during a simulation directly from
the computer output without any instrumentation required.
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This allows a parametric tradeoff to be performed when evaluating
RMS performance, Also, initial dynamic conditions can be estab-
lished easily by varying pot settings in the computer. These
advantages and disadvantages are summarizZed and compared toc the
natural reaction simulation mode in Table IV-1.

In the natural reaction simulation mode the 12 DOF problem
can be reduced to a 6 DOF problem (i.e., the Shuttle motion is
eliminated) without introducing appreciable error as was reported
in Chapter IIT. To collect parametric data, instrumentation 1s
required. 1In addition, separate mechanisms are required to estab-
lish imatial dynamic conditions.

" In simulating weightlessness in the natural reaction mede,
the target wvehicle mockup must be supported at its cg. This
point of suspension must be translatable in the simulator, and
rotation of the test vehicle must occur about this point. In
addition, the dimensions of the target mockup must be actual
sLzZe:

Several basic types of natural reaction simulators were
studied in this contract along with the servo-driven simulator.
These were:

1) Adrpad;
2) Cable suspension;
3) Neutral buoyancy,

Each type of simulator that was Investigated is discussed.
v
The same remote manipulator system design was used for the
servo-driven, airpad, and cable suspension simulators. The
neutral buoyancy method imposes certain unique manipulator arm
design requirements to satisfy water immersion comstraints.

The ground rules under which the simulation methods were
studied were:

1) Capability must exast for incorporating a full size
manipulator arm;

2) Limited to six degrees of simulated freedom on target
(i.e., no Shuttle freedom);

3) Maximum payload was a cylindrical module-—
length ~ 18,3 m (60 ft),

diameter -~ 4.6 m (15 ft),
weight ~ 29,400 kg (65,000 1b).
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Table IV-1 Comparison of Servo-Driven and Natural Reaction Simulation Modes

TRADEOFF
CHARACTERISTIC

SIMULATION MODE

SERVO-DRIVEN

"NATURAL REACTION

Degrees of simulator freedom
required to simulate Shuttle
and target vehicle motion

Target mockup mass and
inertia properties

Target mockup dimensions
Location of target mockup

cepter of rotation
Data coilection

Dynamic initial condition

.Six degrees. (relative motion)

Can use significantly reduced
values

Must be full size (can use
partial mockup)

Does not have to be at cg
lTocation of .actual vehicle

Parameters are accessible in
computer output

Easily varied in computer
program

Six degrees (relative motion)

Must use actual values (An
exception to this is discussed
later.)

Must be full size (Possible
exception is neutral buoyancy.)

Must be at cg location of
actual vehicle

Requires added instrumentation
to collect parametric data
(not easily done for all para-
meters)

Requires a separate mechanism to |’
establish them

+




A, ATRPAD (SIX DEGREES OF FREEDOM)

1. Description

The airpad, six degree of freedom simulator is a natural
reaction mode type. The simulator consists of airpads, air
cylinder, and gimbals. In Figure IV-1, the simulator is shown
conceptually as it would be used to study the task of cargo
transfer.

The simulator, including target mockup and simulator struc-—
ture, f£loats on three airpads mounted on a triangular base
structure, This results in two translational degrees of free-
dom in the horizontal plane and one rotational degree of free-
dom (yaw) about the vertical axes,

An air cylinder is used for the vertical balance mechanism.
The air eylinder provides natural reaction vertical travel by
providing a vertical upward force equal to the combined weight
of the gimbal structure and the target mockup. The air cylinder
rides in vertical guides that are mounted to a vertical support
structure,

The target mockup is suspended from the air cylinder in a
two-gimbal strugture giving two more degrees of rotational free-
dom (pitch and roll). The gimbals operate in a natural reaction
mode., This requires a critical balance of the mockup in the
gimbal system. Also, the gimbal support bearings must have very
little frietion. A spherical bearing could be used in place of
the gimbals,

2. Task Ordentation

As can be seen in Fig. IV-1, the Shuttle has been positioned
on its side in the airpad simulator. This results in a horizontal
orientation of the plane-of-action. The large travel requirements
of the work envelope [15m (50 ft) x 30 m (100 f£t}] are provided
for by motion of the simulator on the airpad bearing surface.
Clearance space around the simulator bearing surface was provided
to allow the large target to move to the extreme of the work enve-
lope. The small travel requirement [6m (20 ft)] is provided by
the air cylinder. The air cylinder was somewhat higher than 6 m
(20 ft) to accommodate the rotatiom of the mockup. This orienta-
tion was chosen because it is considerably more difficult to pro-
vide large travel capability with the vertical air cylinder mech-
anism than with the air bearing surface,
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3. Desipgn Considerations

Type of Airpad. Two basic types of airpads are available:
one type contains a blower on the simulator base and operates
on a large volume of air at low pressure; the other type oper-—
ates on a small volume of air at high pressure. The latter
requires a high pressure air hose hookup to the simulator base
whereas the former requires only an electrical hookup and has a
relatively larger air space between the airpad and the floor.
Although the low pressure system appears to be the more practi-
cal, other features should also be considered in a tradeoff
between the two types.

Levelness and Smoothness of Airpad Floor. Levelness and
smoothness of the airpad floor are very critical. Specific re-
quirements are dictated by the type of airpad used. A low pres-
sure airpad does not require the floor to be as smooth as a high
pressure pad does. If the floor is not level and smooth, the
airpads will drift towards the low area in the floor and/or will
encounter drag and buffeting with motion. Tradeoffs should be
made to determine 1f periodic leveling and/or resurfacing are
necessary. Poured epoxy floors are more economical, but another
layer of epoxy must be poured if resurfacing is required.

Drag Effects. An airpad design that minimizes drag effects
should be considered. Drag forces due to air hese supply lines
(1s used) and instrumentation lines can be minimized by using a
series of small support airpads distributed along the lines.

Gimbal Balance Mechanism. Balancing of the two degree of
freedom gimbal is critical. Since the gimbals are the natural
reaction—-type, torques arising from unbalanced conditions can
cause the target mockup to rotate. Balance mechanisms should
be provided to balance the target mockup in the gimbal system
to eliminate this type of erroneous motion.

Gimbal Configuration. The design of the gimbal configura-
tion must congider interference between the RMS terminal device
and the gimbal structure. The gimbal structure must allow for
maximum unobstructed mockup surface area. Since one attachment
point on a module is midway along the side of the cylinder, this
region cannot be obstructed by the gimbal structure. Therefore,
an outer ring around the cylinder cannot be used to provide roll
freedom.
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The capture mission poses considerable restrictions on the
gimbal configuration. It requires spinuning the target mockup
about one axis and providing at least a half section unobstructed
mockup.

The gimbal configuration shown in Figure IV-1 appears to be
very satisfactory. Pitch motion is obtained about a horizontal
axls support from the air cylindar; roll is the innermost gimbal.
This configuration requires a slot around the midsection of the
mockup for roll clearance of the piteh gimbal support structure.
However, the slot can be closed with a series of gliding panels
which will individually open or close a small portion of the slot.
A method must be provided to open each panel as it approaches the
pitch gimbal shaft and to close it as the shaft is passed. This
can be accomplished with a fixed cam or plow shear, but the mech-
anism should ideally be designed so that its motive power is
supplied independent of the gimbal system.

Air Cylinder Desipgn. The lifting force required in the
vertical direction to counterbalance the gravity load is supplied
by a piston and cylinder. The system pressure must be maintained
constantly to provide a constant lifting force independent of
piston inside the cylinder. There are basically two approaches
that could be taken: one to provide a precision regulator to
mzintain constant pressure in the cylinder as the volume changes;
the other to couple the cylinder to a total system volume {i.e.,
large air supply reservoir) large enough so that the change in
system volume created by displacement of the piston tc the extremi-
ties will be small, and the resultant pressure change will be
acceptable, The design of either of these approaches represents
a difficult design barrier for the RMS applications.

Vertical Guide Mechanism. Since the combined mass of the
target mockup and gimbal system produces a large torque on the
ailr cylinder, design of a guide mechanism for the air cylinder
is extremely critical. It is necessary to design the guide
mechanism so that the load torque can be reacted without restrict-
ing the wvertical motion of the air cylinder. One way to accom-
plish this is with air bearings riding on vertical tracks inside
the vertical support structure. The bearing surfaces should have
considerable lever arms to react the load torque efficiently.

Location of Target Mockups cp. The location of the mockup
cg must be at the intersection of the roll and pitch gimbal
axes. (See Appendix C for details.)
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Location of Simulator cg. The total simulatoxr cg must be
on a vertical 1line through the cg of the mockup; otherwise yaw
motion will not occur about the mockup's cg. (See Appendix C
for details.) B

Mass and Tnertia Distribution Between Target Mockup and
Simulator Structure. Since the combined mass to be moved in the
horizontal direction differs from that to be moved in the vertical
direction, the total mass of the target cannot be divided between
the target mockup and the simulator. Therefore, the simulator
mass must be made as small as possible as compared to the target
mass. (See Appendix C for details.)

Location of Vertical Guide Mechanism. The vertical guide
mechanism shown in Fig. III-1 is located to the side of the
mockup. The ideal location would be below the target mockup cg.
However, locating it below the mockup cg results in a difficult
mechanical desipgn problem. The guide mechanism must have a
telescoping device. This type of mechanism 1s not easily designed
to meet a requirement of negligible expanding and closing forces.
Since the telescoping mechanism requires a vertical force for
both up and down motion of the simulator, the air cylinder could
not be used to supply the force because it is unidirecticnal.

Counterweights on Simulator Base. Since the wvertical mech-
anism will have considerable mass, counterweights will have to
be added to the -forward airpad legs so that the simulator cg
will be located below the target mockup's cg.

B. CABLE SUSPENSION

1. Description

This natural reaction simulator (Fig. IV-2) consists of a
crane, a gimbal system and a vertical balance mechanism.

The gimbal system is supported by cables from an overhead

servo—driven crane. The cables are attached to counterweights.
Thus, natural reaction vertical motion is theoretically provided.
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Lateral and horizontal translation in the horizontal plane
is provided by allowing small displacements of the target mock-
up from vertical. Sensors provide off vertical errorxs that are
used to servo the crane. Thus, the mockup is kept near the
vertical position at all times. This should minimize pendulum
effects and provide a natural reaction response.

The two degree (pitech and roll), natural reaction, gimbal
system configuration used for this simulator is the same as the
one for the six degree of freedom airpad simulator discussed
previocusly. Yaw motion is provided by a bearing surface where
the gimbal structure attaches to the cable rigging.

2. Task Orientation

The task oriemtation used for the cable suspemnsion simulator
(Fig. IV-2) is with the Shuttle on its side, (i.e., horizontal
orientation of the plane-of-action. The 30 m (LOOft) require-
ment of the RMS work envelope would be provided by the longitu-
dinal track. The lateral track would provide the 15 m (50 ft)
requirement. Considering the fact that the maximum size module
is 18 m (60 ft) long, there are two options on the length of the
lateral track: one to make the track 24 m (80 ft) in length,
allowing the end effector to travel 15 m (50 ft) when the long
axis of the module is parallel to the lateral drive; the other
option would be to support the right longitudinal track in a
manner that allows passage of half of the module underneath.
Then the lateral track would be 15 m (50 ft) in length; vertical
travel would be & m (20 ft). However, the height of the
overhead crane above the floor would be considerably more than
the 6 m (20 ft) travel requirement because of the space required
for the gimbal system, the cable suspension mechanism, and the
counterweight system.

The task orientation with the Shuttle on its side was chosen
to eliminate gimbal design problems that are inherent in a sim-
ulator configuration accommodating a vertical Shuttle orientation.
For tasks like cargo transfer, the cargo module will nominally be
rotated through 180 degrees about an axis normal to the plane—of-
action. This gimbal travel requirement is easily provided with
the gimbal configuration shown in Fig. IV-2. However, if the
Shuttle were located in a vertical orientation below this same
gimbal system, the 180-degree travel capability could not be
provided because of a gimbal lock problem. A different gimbal
sequence could alleviate the gimbal lock problem. This appears
to be an obvious solution, but other gimbal configurations would
result in considerable support structure obstructions to the
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target mockup, and the mechanical design would be more complex.
Therefore, the cable suspension method has been baselined to the
Shuttle-on~its-3ide orientation.

3. Desipn Considerations

Vertical Balance Mechanisms -~ The vertical balance mechanism
has several significant design problems. The support cable rig-
ging must be configured so as to minimize pendulum effects.
However, it must also allow for a matural reaction motion around
the vertical to horizontal forces. The length of the cables
ghould also be considered.

The counterweights used to balance the combined weight of the
target mockup and gimbal structure must be supported on separate
booms from the crane's carriage. Space for the counterweights
must be included on each side of the facility. The cable mechan-
ism that routes the cables to the counterweights will not be sim
ple. This 1s especially true because of the natural reaction re-
quirement.

Vertical Sensors — Sensors like accelerometers or pendulums
would have to be used to provide vertical information for driving
the crane. also, an azimuth (yaw) sensor would be required. The
natural reaction functioning of the simulator with respect to
horizontal-forces would be questionable. This aspect of the simul-
ation tends more toward a servo-driven technique.

Location of Target Mockup cg - The location of the mockup cg
must be at the intersection of the roll and pitch gimbal axes.

Location of Simulator cg - Only the mass of the gimbal struc-
ture enters into the simulation. There is no restriction on the
location of the gimbal system cg.

Mass and Inertia Distribution Between Target Mockup and Simu-
lator Gimbal Structure — Since the combined mass {gimbal structure
plus mockup) to be moved in all three translational directions is
the same, the mass could be distributed between gimbal structure
and mockup. However, the target mockup's orientation with re-
spect to the gimbal structure changes; therefore, the inertia can-
not be distributed. A tradeoff would have to be performed as to
the effect on the inertia problem when mass 1s redistributed.
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C. SERVO-DRIVEN

1. Descriptieon

The elements of the servo~-driven simulation approach are shown
in the information flow chart of Fig. IV-3 and the simulator
configuration is shown in Fig. IV-4. The technique requires a
six~degree of freedom servo-driven moving base, target and Shuttle
mockups, manipulator arm, load cells, and a computer.

The manipulator arm is controlled by a pilot with direct view
and television. Manipulator arm interaction forces and moments
are measured by a set of load cells mounted either at the mani-
pulator base or at the target mockup attachment point. The inter-
action forces and moments are input to £ computer program con-
taining the relative equations of motion for the Shuttle—target
configuration. Vehicle characteristics such as inertia, mass,
and control system torques can be intreduced easily. The moving
base is driven by positional servo commands from the computer,
resulting in the proper motion between the manipulator arm and
the target.

2. Task Orientation

The horizontal task orientation was chosen for the servo-
driven simulator because the configuration results im a better
mechanism design. The 30 m (100 £t) end effector travel require-
ment would be provided by the longitudinal drive, and the 15 m
(50 £t) travel requirement by a 24 m (80 ft) lateral drive. The
vertical drive travel would be 6 m (20 £t) if space could be pro-
vided below and above the work area to allow the module to rotate
up to 60 degrees in pitch. Otherwise the vertical drive travel
would have to he increased to accommodate this situation.

The Shuttle-on-its—-side orxientation minimizes the height of
the vertical drive support pedestals: a considerable mechanical
design advantage. The target mockup and gimbal structure is not
cantilevered from a pedestal as it would be i1n other configura-
tions. Finally, obstruction of the RMS work area by the simulator
structure is minimized.

3. Desiegn Considerations

A considerable design problem with a servo-driven simulator
ig the requirement for a rigid structure and a fast response servo.
The servo system structure must be rigid to the extent that the
lowest resonant frequencies of the structure are greater than the
required response of the simulated vehicle by at least a factor
of two.
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Figure IV-4 Servo-Driven



D, MNEUTRAL BUCYANCY

Neutral buoyancy simulations have been used extensively for
crew training, crew compartment evaluations, crew capabilities,
and crew task time line determinations. The advantages of using
simulations include low cost operations, complete 6 DOF, and large
volumes. Design considerations include safety, viscous damping,
hydrodynamic inertia, visual degradations, difficulties in obtain-
ing neutral buoyancy and corrosive effects of water.

1. Description

A neutral buoyancy facility approximately 49 m (160 ft) in
diameter and 27.5 m (90 ft) deep would be required to simulate
the complete work envelope of the RMS. (See Fig. IV-5.) However,
the NASA MSFC facility currently includes the largest inland neu~
tral buoyancy facility in existence, a 23 m (75 ft) diameter,

12 m (40 ft) deep neutral buoyancy facility. Figure IV-6 depicts
use of this facility for RMS simulations. FPositionaing the Shuttle
on its side (Fig. IV~7) allows use of a more shallow facility with
less compressing of the neutrally buoyant carge modules.

The basic system would include mockups of the Space Shuttle
orbiter with cargo bay, RMS operator control station, docking port,
and cne 15 m (50 ft) manipulator arm. The arm would be nearly
neutrally buoyant. Two or three neutrally buoyant cargo modules
of various shapes and sizes would also be included. An overhead
crane would be required to position a partial mockup of a space
station if the cargo docking task were to be simulated. (However,
MSFC's facility has only a 3 m (10 ft) hook height above the tamk}.

COptions to the basic system would include a water filled con-
trel station for a neutrally buoyant and somewhat better evalua-
tion of restraints and reaction forces for wvarious control config-
urations but with an increase in the cost for hermetically sealed
controls and displays. Therefore, it is suggested that layout
and restraint evaluations be conducted under a Separate neutral

buoyaney investigation regardless of which simulation method is
used.

Two 15 m (50 ft) arms would be another option for more realis-
tic time lines in assembly and servicing tasks and for close—in
camera coverage of cargo docking.

A larper facility would allow more of the operational envelopes
to be included ain the simulation. A coastal shoreline salt water
neutral buoyancy facility, such as in the Virgin Islands, might
be used for such a facility.
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Fig. I¥-7 Optimal Use of MSFC Facility for RMS Simulation
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A gimbaled cargo module or space station docking port would
allow tracking and capture of a dynamically controlled target in
from 3 to 6 DOF.

2. Task Crientation

Orientation of the Shuttle onto its side positions the plane-
of-action in the horizontal plane. This has two distinct advan-
tages: (1) changes in depth of cargo are minimized, and there-
fore, the range of compression forces on mockups will be mini-
mized; (2) from a facility point of view, for the same volume
of water, it is more economical to build a shallow neutral buoy-
ancy facility than a deep facility.

3. Design Considerations

Neutral Buogyancy of Cargo Module Mockups — Extensive effort
is required in order to locate the cg of the cargo module mockup
coincident with the center of buoyancy {cg) and nearly coincident
with the cg of the actual module. Moreover, the specific gravity
of the mockup must be maintained sufficiently close to 1.0. Be-
cause of the vertical traverses involved, 1t is required that
mockups are noncompressible in order to maintain a specific grav-
ity sufficiently clese te 1,0 throughout depth changes of up to
9 m (30 ft).

"Suffieiently close" 1s determined by the level of simulation
fidelity required. For a given delta between the specific gravity
of the water and that of the mockup, there will be a corresponding
nonlinear acceleration either upwards or downwards of a nearly
neutrally buoyant mockup. This acceleration is a function of
volume and horizontal area of the mockup as well as the delta
specific gravity. For example, for a mockup 127 em (50 i&.) long,2
weighing 204 N (45.9 1b), with a horizontal area of 1.0 m”~ (9.1 ft°)
and a specific gravity 0,001 less than water, it will have risen
0.305 m (L £ft) in eight seconds and 12.2 m (40 ft) in 50 seconds.
If the delta specific gravaty is 0.0001, it will have risen 0.06 m
(0.2 ft) in eleven seconds and 3 m (10 ft) in 82 seconds. To
maintain the specific gravity of water within 0.0001, the water
temperature must be controlled within +£5°C or 0.9°F. However,
temperature variations in large neutral buoyancy facilities are
sufficiently small and pose no serious problems.

Lf the mockup is attached to the RMS arm, then the critical
fidelity is one of force and is relative to the commanded forces.
For example, the fidelaty requirements may require that applied
tip forces be within 10% of those required for actual zero-g
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operations, In which case, for a 22,25 N (5 1b) tip force applica-
tion, the vector sum of the hydrodynamic inertia, viscous drag,
and the force resulting from a specific gravity delta would have
to be less than 2.23 N (0.5 1b).

Natural Frequency Damping - A primary concern in the design
of the zero—g RMS is the damping that may be required in order to
adequately control the arms. The neutral buoyancy's water viscos-
ity will damp out any natural oscillation of the arms. Therefore,
a design consideration will be to produce an oscillation of the
arm artificially in order to investigate controllability of the
arm during oscillation.

Vigsual Limitations for Direct Viewing - The index of refractiocn
of water is approximately 1.3 and for air approximately 1.0. The
cperator looking through air (either in goggles or a hermetically
sealed crew station) into water will see objects that appear to
be at a distance only 3/4 of the actual distance. Therefore, the
object appears to be 33% larger than actual size. It is not
presently feasible to overcome this magnification optically with-
out severe vertigo and disorientation by the operator. The only
feasible solution would be to reduce by 1/4 the length and size
of the RMS arms, cargo modules, etc. There are, however, other
visual problems associated with neutral bucyancy that cannot be
so easily resolved. The visual field is limited by the 48.5°
critical angle for total reflection of light passing from water
into air. This limits the binocular field of view to 97° (normally
130° vertically and 200° horizontally). Present day wraparound
goggles, although increasing the wvisual field, create illusions
and vertigo and, therefore, are not recommended. Depth cues are
more pronounced in water because of the severe light attenuation.
Whereas in air it is often difficult to determine whether an object
is small and close or faraway and quite large, in water the light
attenuation facilitates this determination. Any motion or cloud-
iness of the water will increase the light attenuation as well as
degrade resolution. Precise lighting levels and color are impos-
sible to reproduce underwater. (The index of refraction is
slightly different for different colors; however, the use of
collimated lighting appears to improve color reproduction.) Im
summary, the RMS simulation would have to be 3/4 scale, depth
cues would be more pronounced, and lighting levels would be very
low fidelity.

Visual Limitations for TV Viewing — The 33% magnification prob-
lem of direct viewing could be resolved with appropriate lenses
or with a 3/4 scale facility. The depth perception problems would
be even more pronounced and lighting fidelity no better.
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Mass and Inertia Limitations — Neutrally buoyant cargo modules
and nearly neutrally buoyant RMS arms will be limited in mass, and
therefore, inertia. The weight will be limited to 62.4 times the
displaced or captured volume of water in cubic feet. Therefore,
for some cargo module configuratrons the forces exérted by the arms
per unit acceleration of cargo will be unrealistically low.

Dynamic Fidelity - Viscous drag, hydrodynamic drag, and plan-—
ing are all dependent on the speed and direction of movement of
an object through a liquid. Viscous drag requires an increased
force in the direction of travel, coppeses any velocities, and
severely damps any oscillations in the EMS. The inertia of the
mass of water which a moving object moves along with it i1s hydro-
dynamic inertia. The mass of water is.quite different for dif-
ferent directions of movement unless the object is symmetrical
in shape. Planing is alsco quite different for different direc~
tions of movement unless the object is symmetricall. Therefore,
limitations require that all moving objects be symmetrical for
acceptable fidelity of dynamics. Dynamics will be of low fidel-
ity due to viscous drag and the empirical evaluation of arm os-
cillation control problems cannot be accomplished.

Safety Considerations - Consideration should be given to
electrical and structural failures and their resultant hazards.
These hazards, although complicated by the water environment,
should poese no obstacles to man-rating of the facility.

Destructive Effects of Water — Considerations should be given
to the protection of the mechanical and electrical subsystems
from the corresive and damaging effects of water.
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V. COMPARISON OF SIMULATTON METHODS

A. TFACTORS OF COMPARISON

It is important to compare the capability of each simulation
method for performing the RMS mission requirements. The impact
of each simulation method on RMS design is also significant. Fi-
nally, the major design problems associated with realizing the
desired design must be considered,

l. Dynamic State

The forces and motions that define the dynamic state for each
mission element were presented in Chapter II. A summary of the
capability of each simulation method for realizing the desired
dynamic state is presented in Table V-1. In viewing Table V-1, it
is worth noting that each of the simulation methods is presumed
to be 6 DOF simulators and hence the degree to which they can
realize the desired dynamic state is really no different than
the degree to which the 12 DOF problem can be reduced to a 6 DOF
problem. (See Chapter ILI for details.)

2. Work Envelope

The work envelope was defined relative to a task dependent
plane—of-action in which the end-effector moved. (See Chapter II.)
The bounds in terms of terminal device motion are a partial cir-
cle having a radius of 15 m (50 ft) in the plane-of-action and a
contrellability dependent out-of-plane motion of #3 m (10 £t).

All potential orientations of the plane-of-action are contained
in the wrist reach envelope. However, for most mission elements,
the plane-of-action will be close to a vertical plane out of the
Shuttle bay.

Each of the simulation methods has the potential capability

of realizing these work envelope requirements. However, each
method has unique design problems that are compared later.
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Table V-1 Simulation Method Dynamic State Capability

SIMULATION METHOD

MISSION ATRPAD CABLE SERVO- NEUTRAL
ELEMENT SUSPENSION DRIVEN BUOYANCY

1) Unstowage C C C C
and deploy-
ment

2) Berthing C C C C
Shuttle

3) Cargo E E C E
Transfer

4) Deployment of C C C C
payloads

5) Retrieval

6) Maintenance -
Shuttie docked

7) Maintenance - E E C E
Shuttle not
docked

Note:

C - Simulator is capable of realizing the proper dynamic
state.

E - Simulator is capable of realizing the dynamic state,
but not without some error. The principal source of
error is inability to reproduce the gyroscopic effects
due to the system's initial angular momentum.




3. Simulator Degrees of Freedom

This study has shown (Chapter III) that the twelve degree of
freedom problem (i.e., six degrees for Shuttle motion and six for
target motion) can be reduced to a six target degrees of freedom
problem (in most cases with negligible error). Therefore, the
minimum degrees of freedom required to simulate the dynamic state
is six. WNaturally, each simulation method presented has taken
advantage of the desaign simplification resulting from using the
minimum number of degrees of freedom. Therefore, there is no
difference between simulation methods on this point.

4. Orientation of Task in Simulator

In all four simulation methods presented in Chapter IV, it
was concluded that the most advantageous task orientation from a
simulator design consideration was with the plane-of-action
aligned to the horizontal plane. For the airpad, cable suspension
and servo-driven methods, a significant increase in simulator de-
sign complexity arises 1f other orientations of the task plane-
of-action are used. The task orientation chosen allows the lar-
gest simulator travel requirements, dictated by the work envelope,
to be provided by those simulator degrees of freedom that can be
most easily and effectively mechanized. In the neutral buoyanecy
method, the depth of the facility is reduced considerably when
the Shuttle is oriented on its side.

Orienting the task so the Shuttle is om its side introduces
the problem of the RMS operator's orientation which was discussed
in Chapter IIXI. However, this problem is common to all four simu-
lation methods; therefore, 1t does not impact the comparison of
simulation methods.

5. Tmpact of Simulation Methods on the RMS One-g Design

7

If the operating orientation of the manipulator arm with re-
spect to the gravity vector were different for some of the simu-
lation methods, it could result i1n arm design requirements that
were dependent on the simulation method. Hewever, since the oper-
ating orientation of the manipulator arm is the same for all simu-—
lation methods, it does not introduce any RMS design factors of
comparison. The neutral buoyaney simulation method introduces
the unique requirement of manipulator arm performance in water.
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6. Complexity of Simulator Design

Gimbal System. There are no significant design differences
in the gimbal systems required for the airpad, cable suspension,
and servo-driven simulators. The neutral buyoyancy simulator does
not require a gimbal system. However, extensive effort is required
to locate the cg of the target mockup coincident with the center
of buoyancy.

Translational System. The variation between the simulation
methods in design complexity for the translational systems is
significant. The large tramnslational requirements of the work
envelope are not readily realized. The cable suspension and
servo-driven simulators require lateral tracks 24 m (80 ft) in
length from which the target mockup is supported. The servo-
driven simulator requires vertical drive pedestals [6 m (20 ft)]
to support the lateral tracks. The support structure for these
translational drive tracks must be rigid, and the servo responses
fast. The lateral track support structure for the cable suspension
simulator would have to be capable of supporting 58,800 kg
(130,000 1b) {maximum load). The crane would have to be capable
of lifting this same load.

A very large neutral buoyancy facility by present standards
is required to satisfy the large work envelope requirements.

The airpad simulator requires = very smooth and level floor
for two translational degrees of freedom. Poured epoxy floors
can be «wconstructed readily, However, 1f other types of floors
were used, leveling mechanisms would introduce more complexity.
The vertical motion freedom in the airpad simulator requires a
complex mechanical design. In fact, for the maximum loads
29,400 kg (65,000 1b) it represents a design barrier as discussed
in the following section.

7. Major Desipgn Problems.

The airpad simulator has a very significant design problem in
the vertical mechanisms for large loads. Air cylinder and associated
guide mechanisms capable of supporting 29,400 kg (65,000-1b)
loads cantilevered out at 2.4 m (8 £t) do not exist in any simula-
tors. In fact, the loads that existing designs are capable of
supporting are in the hundreds of pounds, not teng of thousands.
Also, there appears to be no other practical method of providing
natural reaction motion in the vertical direction as part of the
airpad structure, ‘
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The major design problems with the cable suspension simulator
are rigidity of the lateral track, performance of the horizontal
drive loops, and pendulum effects inherent in the cable support
systemn.

The neutral buoyancy method is limited by difficulties in
achieving neutral buoyancy, limited mass capabilities, and =
visual problems.

The servo driven simulator has a very significant design
barrier because of large translational requirements. The wvalidity
of the performance of this type of simulator is dependent upon
structural rigidity and fast servo response in the drive loops.
The solution of this problem for a simulator having a 24-m (80-ft)
lateral track and 6-m (20-ft) vertical pedestals is not realizable
wilthin practical design limits, The servo-driven method 1s effec-
tive only when used with a simulator that has smaller overall
dimensions, since only then can the rigidity and servo response
necessary be realized within practical design limits.

8. Adaptability of Simulation Method to Investigating the Manipula-
tor Arm Bending Characteristics

The airpad simulator is the only one that adapts effectively
and readily to investigation of the manipulator arm's bending
characteristics. By supporting the arm at the elbow and tip with
an airpad pedestal, planar bending studies can be performed.

B, CONCLUSIONS OF COMPARISONS

A summary of the comparison factors previously discussed is
presented in Table V-2, The results of this study were presented
to MSC at a midcontract meeting. The objective of the meeting
was (1) to review the results of the study and (2) to select the
simulation method that showed the most promise. 1In reviewing the
comparison results shown an Table V-2, it was concluded that
significant differences between simulation methods existed in
three factors: (1) complexity of simulator design, (2) major
simulator design problems, and (3) adaptability to investigate
arm bending characteristics. In reviewing the complexity of
design and the design problems for each simulation method, it
was observed that these factors are related to only one degree
of freedom for the airpad simulator whereas the others are -



9-A

Table V-2 Summary of Comparison Factors

investigate arm
bending charac-
teristics

L ON AIRPAD CABLE SERVO- NEUTRAL
SUSPENSION DRIVEN BUOYANCY
1. Dynamic state Each method has the potential capability of realizing these re-
requirements quirements. :
2. MWork envelope Each method has the potential capability of realizing these re-
requirements quirements
3, Simulator degrees
of freedom re- Six Six Six Six
quired
4, Orientation of Shuttle on Shuttle on side Shuttle on | Shuttle on
task in.simulator | side side side
5. Impact on RMS -« The same » | Arms must be op-
one-g design erable in water
6. Complexity of sim-| Low High High Low
ulator design
7. Major simulator Air cylin- Function of hori- Obtaining Large volume and
design problems der func- zontal drive loops | sufficient | realizing adequate
joning and and minimizing pen-| servo re- visual conditions
Toad car- dulum effects. sponse and
rying ca- structural
pability rigidity
8. Adaptability to Excellent Poor Poor Poor




related to three or six degrees of freedom. Also, the airpad
shows the most promise for studying manipulator arm bending effects
in reduced degrees of freedom.

Considering these facts the airpad simulation method was
selected. An option for providing vertical travel in the airpad
simulator was discussed. This option involved transfer of the
vertical travel requirement from the target mockup to the Shuttle
mockup (i.e., providing a capability for the Shuttle to move up
and down). This method is described in Chapter VII.



VI. MANIPULATCR STRUCTURAL DESIGN ALTERNATIVES

The manipulator arm structural design for operation in a
one-g environment is considered in this section. The primary
factors that are investigated are the static deflection of the
arm and determination of the arm stress to assure that the arm
will support itself in the l-g enviromment. Four basic approaches
are investigated, and the advantages and disadvantages of each
technique are presented. Joint design for l-g operation of the
RMS was not part of this study.

A. ZERO-G DESIGN

The first approach considered is to use the arm design for
zero-g in a one-g enviromment. The design is modified to ex-
clude the deployment stub, but otherwise is identical with the
preliminary design (MMC report MSC-05218) which has a 20.32 cm
(8 1n.) diameter aluminum tube sized to deflect 2.54 cm (1 1n.)
under maximum tip load.

Because the fixed-end conditions no longer involve the bend-
ing and torsional flexibility of the stub section, 1t is possible
to consider the arm as a single beam with varying stiffness
rather than a chain of bending and torsional elements. By the
area-moment method, the deflection of the arm at any point may
be calculated as the moment of the M/EI diagram due to a given
set of loads.

Considering first the deflection due only to the design loads,

the loading diagram, and the resulting bending moment and %—dla—
grams are developed as shown in Fig. VI-1. The segment lengths
{2) and cross-sectional moments of inertia (I) are taken from the

preliminary design previcusly developed.
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35.6 N ( 8 1b)
54.2 N-m (40 ft-1b)

0.9 m (36 in.)
254 cm* (6.1 in.")

] 1
%5 = 7.2 m {282 in.) 23 = 7.2 m (282 in.} &y
I, = 4820 cm*(115.8 in.%)} I3 = 2289 cm* (55 in.*) I,
E=0.74 x 1012 dynes/cm? (10.7 x 105 psi)
Loading Diagram

1]
il

I}

677 N-m
(6000 in.-1b)

136 N-m
(1200 in.-1b)

423 N-m 168 N-m
(3744 in.-1b) (1488 in.-1b)

Bending Moment Diagram

47.2
19.5 41.0
32.3 27.1J196.4
M-Diagram

I

Fig. VI-1 Loading Conditions Due to Design Loads

The deflection is then calculated as

- [196.7 x 36 x 38 4 47,0 x 8 x 2236 57

(=]
I

A 10.7 2 2 3

x

282 (333-+ 36) + 41 x 232 (2 X3282 + 36) + 32.3

282 (ggg-+ 282 + 36) + 19.5 =

X

282 (2 x 282

5 3 + 282 + 36)]

2.02 em {0,797 in.)

it
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Notice that this deflection is less than 2.54 cm (1.0 in.) because
the deflection due to the stub section is not included.

Consider now the deflection of this structure inecluding joint
mechanisms under its own weight. The loading diagram and result-

ing bending moment and %-diagrams are shown in Fig., VI-2,

Taking %-times the moment of the %1diagram about point 4, the

deflection due to the structural weight 1s found as:

Sy = T35 {% x 88.5 x 36 x %—x 36 + %—x 38.4 x 36 x = x 3
1 1 2
+ 14,1 x 282 (E‘x 282 + 36) + 3% 368.2 x 282 (E'X 282 + 36)
1 3

+3 % 548.6 x 282 (2 x 282 + 36) + 442.1

1 1 2
x 282 (5 x 282 + 282 + 36) + 3 x 821.4 x 282 (% x 282 + 282 + 36
+-%—x 614.9 x 282 (% x 282 + 282 + 36)] = 40.7 cm (16.04 in.)

From 'the bending moment diagrams, the total bending moment
at point 1 is: -

M; = 6000 + 31,105 + 17,122 + 135,219 + 34,074 = 25,610 N-m,
(223,520 in.-1b)

and at point 2 is:

My = 3744 + 17,122 + 34,074 = 6200 ¥N-m (54,940 in.-1b)

and at point 3 is

M3 = 1488 + 540 + 234 = 256 N-m (2262 in.-1b)
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128 N 2250 N 229 N 953 N 195 N ‘58 N
(28.8 1b) (505 1b) 51.5 1b) (214 1b) (43.8 1b) (13 1b) 67 N

| 1 | i V——(151b)

2
2
o =7.2m 82 in.) ’ :
Lo = /.2 M in. = s
I, = 4820 cm® (115.8 in.*) P2 0 §m£3?612-%n.4)
23 = 7.2 m (282 in.)
I, = 2289 cm* (55 in.%)

3505 N-m Loading Diagram
(31,105 in.-1b)

1935 N-m 1831 N-m
(17,122 in.-1b)|(16,582 in.-1b 61 N-m
——>(540_in.-1b)

Bending Moment Due to Joint Weights

N\

8020 N-m
(71,205 in.-1b)

7230 N-m
(64,104 in.-1b)
~3390 N-m
3840 N-m (30,174 in.-10) 22T 4
(34,074 in.-1b) 26.4 N-m
(234 in.-1b)

Bending Moment Due to Arm Weights .

614.9

821.4

368.2
442.1

Combined %—Diagram

Fig. VI-2 Loading Conditions Due to Structure Weight
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The corresponding bending stresses are

M;R 223,520 x 4

op = == RN = 670 x 10° dynes/cm? (9721 psi) .
Gy = M;R = 54’2200x 4 274 % 10° dynes/cm? (3996 psi)

MR _ 2262 x 2

o3 = - e = 51 x 10% dynes/cm? (742 psi)

Since the allowable bending stress for structural aluminum alloys
in tubing with D/t %igi- = 25,8 1s well over 4140 x 10° dynes/cm?
(60,000 psi), the present structure is clearly adequate for one-g
operation with considerable margin for handling loads. This means
that the structural design for zero-g could be used for one-g
operations and the tip force during cargoe handling will cause a
tip deflection similar to that which will occur in space. The
disadvantage of this approach is that the arm taip will deflect

an additional maximum of 40.6 cm {16 in.) in the vertical direc-
tion due to 1ts own weight, and this tip deflection will be a
function of the arm position.

B. STRIFCTURAL DESIGN FOR ONE~INCH DEFLECTION

Consider now the problem of designing a structure similar to
the present one but stiff enough to deflect only one inch in the
vertical direction under its own weight plus design tip loads.
It is clear that such a structure (assumed symmetrical) will de-
flect much less than one inch under design tip loads applied in
any direction other than downward.

Since the total deflection of the present structure is 40.7
em (16.04 in.) due to weight plus 2.02 cm (0.797 in.) due to de=-
sign or 42.7 cm (16.84 in.), the simplest approach is to increase
the stiffnesses of the sections by a factor of 16.84.

This, however, is not possible as stated, because any increase
in E or I 1s accompanied by a change in welght, generally an in-
crease. Among the common structural materials, an increase in E
is accompanied by a proportional increase in density, which de-
feats the purpose. »
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For a given material, say aluminum, an ircrease in I may be
obtained by increasing tube wall thickness, but again weight in-
creases proportionately so the one-g deflection remains the same.
The only remaining approach is to increase the tube radius, which
increases I and alsc increases the weight but not proportionately,
50 that a decrease in tip deflection can be obtained.

Under reasonable assumptions that the weight of the joint
mechanisms will increase in proportion to the weight of the arm
sections, and stiffnesses of the sections increase in the same
proportion, the tip deflection is proportional to weight per
inch, and inversely to the EIL, of the tube c¢ross section. That
is

_ . Ae 2rrte} _ 2K 1
6y = K EL K (Eﬂrdt) " (Efe) (;?)

where, as before,

r is the mean radius of the tube,
t is the tube wall thickness,

e is the material density,

E is the You&g's modulus,

K is a proportionality constant.

Thus to decrease the one-g tip deflection from 42.7 cm (16.84 in.)
to 2.54 cm (1.0 in.), the mean radius of all tubes must be in-

creased by a factor of v16.84 = 4.10. This 1s not exact since
the 42.7 cm (16.84 in.) includes the 2.02 em (0.797 an.) due to
applied loads. This is a2 negligible error.

Increasing the mean radii of all tube sections by a factor of
4.10 will reduce the tip deflection under one-g to about one inch
regardless of the tube wall thickness, which may then be chosen
to limit tip deflection due to applied leoads to one inch also,
or to keep the bending stress down to safe levels.
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The values of I have been chosen to accomplish this for mini-
mum weight. However, if it is attempted to hold these values of
I with the values of r increased by a factor of 4.10, the result-
ing wall thicknesses are impractically thin, e. g.

2'—13—5= 0.0338 cm (0.0133 in.)

r

It is essential to maintain the ratio Eb-= 4.10 to limit the

a

one—g deflection to one inch. It is assumed permissible to in-
crease t to practical values which increases I. This has the
effect of decreasing the tip deflection under applied loads to
less than 2.54 em (1.0 1n.). It is also essential to keep the
maximum stress less than the aliowable stress.

“The allowable stress is:

F, = 62,000 [1.07 - 0.008667 (5)]

The bending moment at any polnt on the arm 1é'd1rectly pro—
portional to the weight per inch. That is

and as shown before

r3 ¢
a a

T
b

- = = — = 4.10
Ib Mb rb I rbtb rb ra ta ra

Since the existing stress levels are quite low, 670 x 106

dynes/cm? (9721 psi), it is possible to increase them by a factor
of 4.10 and still retain a sizable margin.
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Let o, = 4.10 x 7721 = 1495 x 108 dynes/cm? (21,660 psi).

Assuming that the adlowable stress should be at least 3450 x 106
dynes/em?2 (50,000 psi).

r

F, = 67,000 [1.07 - 0.008667 (79)] = 50,000

b £
b _ 50,000

1.07 - 0.008667 =" 22000 = 0806951

r
o> = 30.4

b

For arm section 1-2 r, = 3.61

_ 3.61 x 4.10 _ .
tb = T30.% 1.24 cm (0.49 in.)
r, = 3.61 % 4,10 = 37.6 cm (14.8 1n.)

This says that in order to maintain a one-inch tip deflection
under one g, the arm sections must be 75 cm (29.6 in.) in diam-—
eter with a wall thickness of nearly 1.27 cm (0.50 in.) for the
upper arm section, and less for the forearm. This size presents
mechanical problems for incorporation of the joint mechanisms,
increased weight, and a system that does not have the same dy-
namical characteristics or appearance as the zero-g design.

C. TWELVE-INGH DIAMETER ARM SECTIONS

If the tube size of the outer arm sections are allowed to be
twelve inches outside diameter, it 1s to be expected that for the
same stiffness I,, I3, I, the tube wall thickness will decrease.
This permits the same deflection under the design loads in orbit
but less deflection under omne-g,
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I, = %-(6“ ~ %) = 4820 em* (115.8 in.")

r= 14,8 ecm (5.82 in.)

to = 6 - 5,82 = 0.46 em (0.18 in.)
Ay = 7 (62 - 5.822) = 43.2 cm? (6.684 in.2)
W, = 6.684 x 0.101 x 282 = 86.4 kg (190.38 1b)

Iy = %-(6” - ") = 2289 in.* (55.0 in."%)

r = 15.0 em (5.92 an.)

tz = 0.203 em (0.08 in.)
Ay = w (62 - 5.922) = 19.3 cm? (2.996 in.2)
Wy = 2.996 x 0,101 x 282 = 38.6 kg (85.33 1b)

Assuming a minimum wall gauge of 0.06

ty, = 0.06

I, =-g (6% - 5.94%) = 1670 cm® (40.1 in.%)
Ay = 7 (62 - 5.922) = 14.5 cm? (2.251 1in.2)
Wy, = 2.251 x 0.101 x 36 = 3.72 kg (8.18 1b)

Since the stiffness (except for I, which is larger) is the same

as for the previous case, the deflections under orbiting conditions
will be nearly the same as before, i.e., slightly less than 2.02

cm (0.797 in.).

Assuming that the joint mechanism weights are not increased
significantly by the increase in tube size, the deflection under
one-g due to these weights will be unchanged. This deflection is
11.7 em (4.62 in.) which was not shown separately before.

With the lighter arm section weights, the deflection due to
these items will be less. This deflection was not shown separately
but was 29.1 cm (11.42 in.). With the new weights it is only 12.0
em (4,72 in.).
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Thus, with 20.3 cm (8.0 in.) arm sections, the total deflec-
tion under one-g was 16.04 + 0.797 = 42.7 cm (16.84 in.) as shown,
and with 30.4 cm (12.0 in.) arm is 4.62 + 4.72 + 0.797 = 25.8 cm
(10.14 in.).

The result 1s a design that has reduced static deflection com-
pared to the 20.3 cm (8 in.) arm in the one-g environment, proper
deflection due to design tip loads, reduced weight for joint de~
sign considerations, and a reasonable tube size for mounting of
the joint mechanisms. Also, the physical appearance is held clase
to that of the zero-g design. !

D. EXTERNAL STIFFENING TECHNIQUE

A possible method of controlling the one-g deflection of a
space-design arm is by the temporary addition of rigging cables
and compression struts to stiffen the individual sections. This
type of support is often used in roof trusses and in pipeline sec—
tions across watercourses.

By use of the configuration shown in the sketch each section
of the total arm that is primarily loaded in bending may be stif-
frened with minimum interference at the joints without obscuring
the operator's vaision. If the sections roll during testing, the
sections would have to be stiffened in at least three and probably
four planes. Only one plane is shown.

Cable

Cable Strut 60 in. strut|, s Cable

45deg| c i} bl deg\ a

|

Arm Section Tube 282 in. long

\\\\Q\

The tube considered is an 8-inch outside diameter aluminum tube
with a 0.785 in. wall thickness., Such a tube has a bending moment
of inertia of 117.2 in." and a weight per inch of 1.8 lb; E =
10.7 + 108 psi.
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From handbook sources, it can easily be verified that the
deflections at points a, b, and ¢ relative to a tangent at d are

§ = 1.133 in.
a

Sb = 0.803 in.

§ = 0.083 in.
c

under the dead weight of the tube.

The cable can be rigged to any desired tension P, which puts
loads and hence moments into the tube as shown below.

Pcos 45 deg Pcos 45 deg Pcos 45 deg Pcos 45 deg

| L 1

% 60 in. 162 in. 60 in.

The bending moment diagram is @0 Pcos deg = 47.43 P

Z 60 in. 162 in. 60 in.

A
From the priniple of area moments

6a = 0.5 x 60 x 42_.43P x 242 1+ 162 x 47.43P x 141 + 0.5 x 60
1
% 42,43P x 40 x BT

1

10.7-106 x 117.3 - 0-00105%F

308,017P + 969,108P + 50,912P
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8, = 0.5 x 60 x 42,43P x 182 + 162 x 47.43P x 81 -%f
- 1 _
= 231,6499 + 556,722 Te——o5 75 = 0-000462P
§ = 0.5 x 60 x 42.43P x 20
c ' ’ EI
_ 1
= 25,456 ==
= 0.0000203p

The net deflections are then

Ga = 1.133 ~ 0.001059?
Gb = 0.803 - 0.000462P
GC = 0.083 - 0.0000203P

It is apparent that a single cable load P cannot be used to
reduce all three deflections t¢ zero. However, a cable load in
the 1000 to 2000 1b ramnge, which could easily be taken by 0.25-1n.
aircraft cable (8200 1b), could be usSed to reduce the bending in
the tube to useful limits. A slightly more complicated rigging
system could easily be devised to provide more precise bending
deflection control.
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VII., INVESTIGATION OF QOPTIONS FOR SELECTED SIMULATION METHOD
ATRPAD

The airpad-six degree of freedom simulation method was selected
(Chapter V) as the most satisfactory approach for investigating
the full size Remote Manipulator System performance. It was receog-
‘nized that the airpad simulator has a major design problem for
large loads in the vertical motion mechanism (air cylinder). A
potential practical option of transferring the vertical degree
of freedom from the airpad to the Shuttle was proposed. The con-
ditions under which the transfer of the vertical degree of freedom
can be made is investigated in this chapter.

Since the airpad simulation method has a significant design
problem in only one degree of freedom, it is logical to consider
a five—degree—of-freedom simulation. This is especially true
considering how readily the five degrees of motion (no vertical)
on the airpad simulator can be realized. However, the degradation
in simulation validity when going from six degrees of freedom to
five would have to be evaluated. This area was not covered in
this study. The five-degree airpad simulator does lend itself
nicely to the proposed option where the sixth degree is mechanized
in the Shuttle mockup. A logical consideration in the evolution
of a RMS simulation facility would be to firet build a five-degree
airpad simulator and later expand the simulator to include the
sixth degree.

Considering the above factors, this chapter first covers a
five-degree airpad simulator and then the proposed option on the
sixth degree of freedom.

A. AIRPAD-FIVE DEGREES OF FREEDOM

A conceptual design of an airpad—five degrees of freedom simu-
lator is shown in Fig. VII-1. This simulator is very saimilar to
the six-degree airpad simulator previously discussed in Chapter
Iv. However, the simulator structure is significantly less complex
because the vertical motion mechanism has been removed. In addi-
tion, the concept includes an option of supporting, on separate
airpad pedestals, the manipulator arm at the elbow and tip to pro-
vide a means of studying the structural bending effects in a planar
mode. Only one plane exists in which the manipulator arm can be
moved without the elbow translating out of the plane. This plane

VII-1



Z-1IA

Fig. YII-1 Airpad-Five Degrees of Freedom



passes through the shoulder gimbal axes center of rotation, and
the shoulder pitch axis is normal to it. Usage of the airpad ped-
estals would be restricted to the planar structure bending study.
If the airpad pedestals were designed with a telescoping capabil-
ity, they could be used for all of the RMS contrel studies.

Removing the vertical degree of freedom from the airpad results
in a significant advantage. It allows the target mockup mass to
be reduced because the actual target mass can be distributed be-
tween the target mockup and the simulator base (Appendix D.2 con-
tains a detailed explanaticn). This can be done because the same
mass (mockup plus simulator) is being moved for all tramslational
motion. Maintaining the actual inertia walues for a given physi-
cal shape of the target bounds how much the mockup mass can be
reduced.

A spherical bearing allowing three degrees of rotational free-
dom is used in the conceptual simulator design (Fig. VII-1). A
considerable advantage resulting from the use of a spherical bear-
ing 1s that the inertia properties of the target mockup and the
simulator base are not coupled. TFor rotational wmotion, only the
target mockup is moved. Thus, the correct inertias are always
being introduced into the dynamics.

B. AIRPAD-FIVE DEGREES AND COUNTERBALANCE-ONE DEGREE

A conceptual design of a proposed airpad-five degrees and
counterbalance-one degree simulator is shown in Figure VII-2.
This simulator 1s the natural reaction mode type. It is the same
as the five degree airpad simulator discussed previously except
for the addition of a vertical degree of freedom. The Shuttle is
allowed to move in the vertical direction. In this concept the
Shuttle mockup is suspended from a set of vertical guides. Coun-
terweights are used to balance the gravity load. The Shuttle mock-
up mass plus the counterweight mass is made equal to the target's
mass. Air bearings are used in the guides to minimize friction
forces.

The functional validity of this simulation concept where the
vertical degree of freedom 1s mechanized in the Shuttle is investi-
gated in Appendix D. The conclusion drawn is that the vertical
degree of freedom can be transferred from the target to the Shuttle
when the target is sufficiently more massive than the manipulator
arm. However, for the smaller targets, this cannot be accomplished
without fidelity degradation of the target to Shuttle relative
mection. Determination of the errors involved requires a more
detailed analysis.
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Fig. YII-2 Airpad - Five Degrees and Counterbalance - One Degree



In investigating the above conclusion in light of the design
considerations which were the impetus for studying the transfer
of the vertical degree of freedom to the Shuttle, an important
fact is observed. The airpad vertical motion mechanism design
problems were associated with supporting the heavier payloads. How-
ever, it is precisely these payloads for which the errors arising
from transferring the vertical degree of freedom are minimized.
Therefore, a logical conclusion is that an RMS simulation facility
should have two classes of airpad simulators. Class I for heavier
payloads would be of the type shown in Figure VII-2 where the ver-—
tical motion ig provided for in the Shuttle mockup. Class II for
lighter payloads would be of the type originally propcsed (Fig.
IV-1) where the vertical motion is provided for by an air cylinder
mechanism attached to the airpad base.
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VIIL. MISSION SIMULATION CAPABILITY OF ATRPAD STMULATOR

In this chapter, the degree to which the airpad six-degree-
of-freedom simulation method is capable of reproducing each of
the mission elements described in Chapter II, Section A is con-—
sidered. The applicability of the Class I and Class II airpad
simulators is discussed; Class I being applicable te the heavier
payloads and involving vertical motion of the Shuttle mockup;
and Class Il pertaining to the lighter payloads in which the
vertical motion occurs in the payload and Shuttle is faixed.

A, SIMULATOR CAPABILITY BY MISSION ELEMENT

1. Unstowage and Deployment of BRMS (Mission Element 1)

Very little erroxr 1s involved in fixing the Shuttle's trans=—
lation and rotation when only arm motions are involved. For
this reason, the 6 DOF airpad simulation technique can be used,
with little or no degradation, te simulate this mission element.
Inly the Class IT simulator is applicable in this case.

2. Berthing Shuttle to Space Station or Other Payloads (Mission
Element 2)

It is recalled {(Chapter 1I, Section A), that two alternative
functions for the RMS are being considered for this mission ele-
ment. The cone adopted for the purpose of this study involves the
manipulator being used strictly as a sensor of the close-in rela—
tive position between the Shuttle and the docking target, with
only small forces of interaction existing between the bodies.
When this is the case, the simulation ecould be conducted as fol-
lows. The Shuttle mockup is fixed in tramslation and rotatiom,
and the docking target mockup (relatively massless) is mounted
on the airpad and piven the proper motion relative to the Shuttle.
The operator would track the target with the RMS and attach to
it. At this time, the BMS is switched to a computer augmented
docking mode in which the necessary joint torques would be pro-
duced to simulate the relative motion that would occur during
actual docking. During the computer—controlled closing stage,
the operator would be free to monitor the relative position of
the two bodies.
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Because the target mockup is envisioned as being relatively
massless, only the Class II simulator is applicable to this mis-
sion element.

If the second alternative (i.e., where the torque capability
of the RMS is used to eliminate or reduce the relative motion)
is adopted, then the inertia properties of the target mockup
would necessarily be on the order of the Shuttle thereby dictating
considerable increases in the work volume of the simulator and
the weight that must be supported by the airpad. Because of the
larger mass of the target mockup in this case, the Class I simu-
lator would be applicable.

3. Cargo Transfer (Mission Element 3)

During the mission element, the Shuttle is docked to the -
Space Statiom, and because of the large combined mase of the two,
the translation of the combination can be eliminated with little
or no error (provided the mass of the carge is adjusted in accord-
ance with Eq. [ITII-1]. It is recalled that the error associated
with fixing the translation of the Shuttle is proportional to how
small the mass of the manipulator arm is compared to that of the
Shuttle/Space Station (See Appendix A). If the residual angular
velocity of the Shuttle/Space Station combination is small, the
rotational motion of this combination can also be eliminated with-
out seriously degrading the behavior of the system, providing the
necessary torgue compensation (computer augmentation) is supplied.
The degree to which torque compensation is required increases
with increasing cargo mass. There again, the Class I simulator
will be required for the heavier payloads and the Class II simu--
lator for the smaller payloads."—'

Thus, the error inherent in using an airpad 6 DOF simulation
method will depend on the initial angular velocity of the Shuttle/
Space Station and the degree of torque compensation available.

4, Deployment of Payloads (Mission Element 4)

The applicability of the airpad in this case is identical to
the previous case except that the error introduced by fixing the
Shuttle in translation will be greater than mission element 3
because one is no longer dealing with the Shuttle/Space Station
combination; however, as in mission element 3 it can still be ex—
pected to be negligible. Assuming there is no residual angular
velocity in this case, there will be léss error associated with
eliminating the rotational motion of the Shuttle. ‘Once again,
the Class I simulator can be used for the heavi%; payloads and
the Class IT will be required for the smaller payloads.
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5. Retrieval of Orbiting Pavloads (Mission Element 5)

The applicability of the airpad 6 DOF technique to simulate
the mission element is identical to that given for mission element
3, Once again, the errors involved will primarily be due to elim-
inating the rotation of the Shuttle and will depend on the residual
angular velocity of the Shuttle prior to retrieval.

6. Maintenance on Orbiting Vehicles and Payloads — Shuttle Docked
(Mission Element 6)

The character of this mission 1s identical to the cargo trans-
fer mission; hence, the errors involved are of the same type de-
scribed under mission element 3. The magnitudes of- these errors
can be expected to be less than those for cargo transfer because
of the relatively smaller masses of the replacement modules. Be-
cause of the small masses involved, the Class IT simulation method
must be used.

7. Maintenance on Orbiting Vehicles and Payloads — Shuttle Not
Docked (Mission Element 7)

The primary difference between this case and mission 6 is
that, in this case, the area to which the replacement modules
must be delivered will be moving relative to the Shuttle. The
relative motion will be due primarily to the residual linear and
angular velocities remaining when the Shuttle's thrusters are
shut down. Thus, if the proper initial relative motion can be
produced, the error in using the airpad 6 DOF simulation will be
the same as in mission element 6. Once again, the Class IT simu-
lation technique is required because of the small masses being
transferred by the manipulator.

B. BSUMMARY

The applicability of the Class I and Class II simulation tech-
niques and the principal sources of error associated with using
the 6 DOF airpad simulation method are summarized in Table VITI-1
for each mission element. From this table 1t can be seen that most
of the error arises from eliminating the rotational motion of the
Shuttle. As remarked earlier, for those cases where the initial
angular momentum of the system is zero, it is expected that most
of this error can be eliminated by some form of torque compensation.
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Table VIII-1 Airpad Simulator Capability

by Mission Element

MISSION ELEMENT

Shuttle. The
amount will
depend on the
residual angu-
lar velocity
of the Shut-
tle/ space
station and
the degree of
tow torgue
compensation
available.

1) 2) 3} 4) 5) 6) 7)
DYNAMICAL UNSTOWAGE | BERTHING CARGO DEPLOY- RETRIEV- | MAINTE- MAINTE-
FEATURES & DEPLOY-| SHUTTLE TRANSFER MENT OF AL NANCE NANCE
MENT PAYLOADS (SHUTTLE (SHUTTLE
DOCKED) NOT DOCKED)
Applicability Class II | Class II Class I for Same as Same as | Class II Class II
of Class I* or only only heavier mission mission | only only
Class II** payloads element element
simu]§tion Class 1T for 3 3
techniques Tighter
payloads
Principal Little or| Little or | Error arises Same as Same as | Little or | Little or
sources of no error | no error from elimin- mission mission | no error no error
error ating rota- glement element
tion of 3 3

*Class I: Arrpad simulator for heavier loads (vertical motion on Shuttle mockup)
**Class II: Airpad simulator for lighter Toads (vertical motion on airpad base)




APPENDIX A

DYNAMICAT. ANALYSIS

1. Elimination of the Three-Translational-DOF of the Space Shuttle

In this discussion, the Space Shuttle, manipulator upper arm,
manipulator forearm, and cargo are modeled as four connected rigid
bodies, A, B, C and D (Fig.A~1). Torque producing devices are
assumed to act at each of the three connection points.

Fig. A-1 Four Connected Rigid Bodies

In Figure A-1, Nj N5, and N3 are mutually perpendicular unit vec-—
tors fixed in an inertial reference frame R with origin 0. The
mass centers of A, B, C, and D are designated A%, B®, C*, and D%,
respectively. The position of A® relative to 0 is given by PA;

the position of B¥* relative to A% is given by Eé; the position
of C* relative to B* is given by E&; and the position of D% rela-

tive to C* is given by Eb. ¥inally, the mass of A, B, C, and D

are designated M, , Mﬁ, MC, and MD, raspectively.
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The following scalar quantities prove useful:

Fpg =Fa 0 @

Poy ='13'B . N 1=1, 2, 3 [A.1.1]

Po; = Pg - N,
Ppi =% - N

The equations of motion of the system described above can be ob-
tained by employing Lagrange's equations

oK 9K
r qr

where K 1s the kinetic energy of the system, q. is a genheralized
coordinate, Qr is the first time derivative of q,. and Q. is
the generalized active force associated with 4. and n is the

number of degrees of freedom of the system.

The kinetic energy of the system is

K =

e

2 .2 .2 ) X
1
MA(PAl + By, + PAB) + %M [(PAl + PBl) + (PA2 + PBZ) +

- . . 2
* (AB *Ppy t Pcs) il 4-1.3]
]

- - . - 2
* (PA3 TPyt Pzt Pns) :l *+ Kpor
where KROT is the kinetic energy of the system associated with t?e

and PAi

rotational motion and is, therefore, independent/of the PAi
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(4 =1, 2, 3). Further, it follows from [A.l.1] that the [P

and PDi {1 = 1, 2, 3) are also independent of the PAi and PAi.
Now, the only external forces acting on the system are the

torques at the connection points and, therefore, there are no
generalized active forces associated with the PAi (i =1, 2, 3).

Thus, if one chooses the P,, for q; (x = 1, 2, 3} it follows from

Aj
Eq. (A.1.2] that

. aK.
since 55‘ =0
Al
K = Ci G =1,2,3)
)4

where the Ci are constants.

The three equations in Eq [A.1.4] can be solved for the PAi and

the result substituted into Eq [A.1.3] leaving

T

c- g (e ke g (e og) (5,0 F,) -

(1, + 1) (M + ) (%C ..ﬁc) + (MA.-!-'MB " MC)(ED LF

+2u, (MC+MD)(1:53 : EC) F2MM PP
£ 2 (MA+PLB)('§CqTP_D)}+KROT
where

MT = MA + MB + MC + Mb

Finally, where Eq [A.1.5] is substituted into Eq [A.,1.2], one is
left with N-3 differential equations for the motion of bodies B,
C, and D relative to body A.
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To determine the kinetic energy of the system when the mass
center of A is fixed in inertial space, one merely has to set the

P,y in Eq [A.1.3] equal to zero; this leads to

T =1 ' T t T . P t 1 P . P + ' (P . P
K @[(MB+MC+MD)(PB PB)+(MC+MD(PC PC) MD(PD D)
. ' - - ' = - . i =
+2(MC+MD)(PB.Pc)+2MD(PB+PD)+2MD(PC.PD)]
+ Keor [A.1.7]
where K' denotes the kinetic energy of the system when A% is fixed
in R, and Mé. n', Hﬁ denote the masses of bodies B, C, and D to
distinguish them from MB’ MC, and MD in Eq [A.1l.5]. Thus, when
Eq [A.1.6) is substituted into Eq [A.1.2] one obtains the N-3 dif~
ferential equations for the motion of bodies B, C, and D relative
to A when A® is fixed in R.
Now, it follows from Eq [A.1.2] that when
K' = K + Const, [A.1.8]
the equations for the motion of B, C, and D relative to A (and,

therefore, the motion itself) will be identical. Comparison of
Eq [A.1.5] and Eq [A.1.6] reveals that this will be the case when

My (MB +MC+MD) | [A.1.9]

g g -
g - a0 06 7% , a0
. (Mﬁ; o) "
g - et ) o
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M
2D
Ml = S [4.1.13]
M,+ M
M = MD(MA B [A.1.14]

T
It 1s apparent from Eq [A.1.9] and [A.1.14] that single values
for M', Mé and Mﬁ cannot be chosen so as to satisfy [A.1.8]. How~

ever, if one assumes that Mﬁ =M, =0, Eq [A.1.9] - [A.1.14] re-

C
duce to
M
Mll) _ MAM'?_ - ) [A.1.15]
A B

where, 1t is recalled, MB denotes the mass of body D when body
A is restrained from translation and MA and MD are the masses

of body A& and B, respectively, when A 1s free to translate.

Thus, 1f one assumes that body A represents the Spice Shuttle,
bodies B and C represent the two segments of the manipulator arm,
and body D represents a payload, and if it is further assumed that
the motion of the manipulator arm does not appreciably influence
the motion of the system®, then it is pessible to restrain the
translation of the Shuttle and maintain the integrity of the mani-
pulator.payload to Shuttle relative motion by adjusting the mass
of the cargo in accordance with [A.1.15].

It is recalled that in the foregoing analysis, it was assumed
that the only external forces acting on the system were the
torques at the conmection peoints (zrm joints). When the manipula-
tor 1s used in a docking maneuver or for payload retrieval, this
is not the case. During such maneuvers, impact forces will occur
between body C and body D (Fig. A-1) and these forces will, in
general, result in generalized active forceg associated with the
translation coordinates of the Shuttle. If it is assumed {(as is
generally the case with impact problems) that the impact results

%See Section 2. for an argument to neglect the influence or mani-
sulator motion on the systems motion.
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in an instantaneous change in the velocities of the colliding
bodies but no change in their positions, we can conclude that the
impact forces are not functions of the positions of the bodies
(i.e., they will depend only on the time) which, in turn, neans
that the generalized active forces asscciated with the translation
of the Shuttle depend only on the time, Thus, the only difference
in the formulation of the equations of motion for the collision
problem and the foregoing problem {(where the payleoad i1s attached
to the manipulator arm) is in Eq [A.1.4]. The difference is

found an the Ci terms. For the collision problem, the Ci will

be functions of time, whereas before the Ci were constants. How-

ever, as differentiation with respect to time dces not occur
in Eq [A.1.2], the time-dependent Ci terms will drop out during

formulation of the equations of motion just as the constant Ci

did in the previous case. Thus, the foregoing conclusions per—
taining to fixing the translation of the Shuttle apply equally
well to the collision problem.

2. Elimination of the Three Rotational DOF of the Space Shuttle

The generalized approach followed in Section A.1 is consider-
ably more involved when applied to the rotational motion. In lieu
of the general case, a simplified planar analysis is presented
to arrive at an estimate of the error inherent in fixing the
rotational motion of the Shuttle. In so doing, a comservative
estimate of the influence of manipulator motion on the system's
motion is obtained.

The system to be studied consists of two rigid bodies A and
B, the mass centers of which are connected by a massless arm of
length L (Fig. A-2). Mutually perpendicular unit vectors Nj, Ns,
and N3 are fixed in an inertial reference frame R with an origin
0. The mass center of A is located relative to O by the position
vector P, where

P = Xﬁl + yﬁ_'_)_ [A.2.1]

The orientation of body A in R is given by the angle ¢ and the
orientation of body B relative to A is given by the angle 6 (i.e.,

the arm is assumed fixed in B). The masses of A and B are MA and

MB, respectively. The moments of inertia of A and B about their

mass centers in the ﬁé direction are I, and IB respectively, and

A
these are assumed to be principal moments of inertia. A torque
of magnitude T is assumed to act at the mass cgyier of A.
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Fig. A-2 Two Connected Rigid Bodies

Using the Lagragian approach (See Eq [A.1.2].), one obtaims
the following equations for x, v, ¢, and 0:

8 = ar [A.2.2]
A = —BAD [A.2.3]
My
X = — T, Coa (6 + ¢) [A.2.4]
My T M
M
B
y=-———1Sin (8 + ¢) [A.2.5]
My, t M
where
I+ I+ "a'y 1.2
A B M, My
o = [A.2.6]
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MMy
M, + My
v
IA+IB+-M_.A_’I;B_-
, T Mg

and where it has been assumed that %(0) = ¥(0) = é(O) = 0.

I + 1.2 [A4.2.7]

L2

From Eq [A.2.3] to [A.2.5], it is possible to estimate the
influence of the manipulator mass and inertia on the motion of
the system. Using the weight estimates in Table X-3 of MSC 05218,
a conservative estimate i1s obtained by assuming the entire mass
of the manipulator arm, 550.5 kg (1212 1b}, is concentrated at
the end of a 15.25 m (50 ft) arm. The moment of inertia of this
mass 1s determined by assuming the arm segments are homogeneous
cylinders which results in a value of 1395 kg-m? (1026 slug-ft2),
The mass of the Shuttle is assumed to be 145,000 kg (10% slugs)
and its moment of inertia is taken to be 3.1 x 108 kg—m? (2.3 x
108 slug-ft?) (the minimum moment of inertia, for a conservative
estimate). Thus in Eq [A.2.3] to [A.2.7] one has

M, = 1.95 x 10°% kg (10% slug)
I, =3.1x 108 kg-m? (2.3 x 10% silug—ft2)

550 kg-m? (37.8 slugs) [A.2.8]

o

1395 kg-m? (1026 slug—-ft2)

=
I

B
L =15.25m (50 ft)

Substitution of the values i1n Eq [A.2.8] in [A.2.3] to [A.2.7]
leaves

Ad = ~0.039A0 (rad)
x = —-0.189 Cos (8 + ¢)(ft) [A4.2.9]
y = -0.189 Sin (& + ¢) (ft)



Differentiating Eq [A.2.9] with respect to time

De

6

Ik

~0.039 {rad/sec)

+0.182 6 Sin (8 + ¢) (ft/sec) [A.2.10]

i

X

v = —-0.182 8 Cos (0 + ¢) (ft/sec)

Now, assuming the maximum arm travel is emax = 7 rad, and the
maximum arm rate is émax = 0.03 rad/sec (See Table X-2 of MSC

05218.) the following maximum motions are obtained from Eq [A.2.9]
and [A.2.10].

A¢max = 0.12 rad (6.3 deg)

@max = 0.001 rad/sec (0.057 deg/sec) [A.2.11]
Xoax = Tmax 0.055 m (0.182 ft)

Koo = T = 0.0016 m/sec (0.0055 ft/sec).

During actual operation, the motion induced by the arms on the
Shuttle will always be less than the values given in Eq [A.2.11].
For this reason, it is felt that the Shuttle motion induced by
arm motions is negligible and hence the inertia properties of the
manipulator arm can be neglected.

In light of the foregoing conclusion and the results of Sec-
tionn A.1, it is seen that it is possible to eliminate the three
translational DOF of the Shuttle and maintain the integrity of
manipulator/payload te Shuttle relative motion by using an ad-
justed mass for the payload. (See Eq [A.1.15.] At this point,
it is logical to ask if it 1s possible to eliminate the three
rotational DOF of the Shuttle by adjusting the moments of inertia
of the cargo. The general approach used in Section A.l becomes
too involved to apply to the rotational motion at this time;
however, one can determine the amount of error introduced when the
Shuttle is fixed, rotationally, without any adjustment of the
inertia properties.
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In estimating the aforementioned error, it is assumed that
the manipulator arm is capable of performing the task of interest
while the Shuttle is fixed.® What this means, is that the operator
will exert sufficient torques on the controller to induce a de—
sirable manipulator/payload to Shuttle relative motion. This
relative motion will be the same whether or not the Shuttle is
fixed. The difference between the fixed Shuttle and free Shuttle
cases lies in the forces the operator must exert on the controller.
For this reason, the error associated with eliminating the Shut-
tle's rotational motion is assumed to be the percentage difference
in the torque required to perform a particular task when the
Shuttle is fixed and when it is free to rotate. In other words,

T, - T

e = percentage error = _E—E__ x 100 [4.2.12]

where Tf denotes the torque required to perform a particular task

when the Shuttle is restrained from rotating while T denotes the
torque to perform the same task when the Shuttle is free, From
Eq [A.2.2] one has
i_8
a, o
e = —=g— x 100 = — 100 [4.2.13]
o

where Og is obtained from Eq [A.2.6] by assuming IA and MA are

intinite, ox

“ P [A.2.1 ]

£ I. +M.I .2.14
B

Substitution from Eq [A.2.6] and [A.2.14] into Eq [A.2.13] leaves

*Based on a guideline of the preliminary design, the joint
torques were designed for.a Shuttle fixed in space; hence the
increased ''Shuttle fixed" torque capability can be assumed.
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(57 5+ i 2)f + )

e = - 1| x 100 [A.2.15]

MyMy

|_ (IB+MA+MBL2) IA

The values of e for some typical payloads are shown in Table A-1
{The wvalues for IA’ M, and L are taken from Egq [A.2.8].)

A

Table A-1 The Increase in Torque Caused by Restraining the
Rotational Motion of the Shuttle

PAYLOAD DESCRIPTICN
(from Table 1II-2 of MSC 05218)

e {Eq [A.2.15])%

Max Orbiter Payload
My = 29,400 kg (2 x 103 slugs)

Ip = 8.7 x 10% kg-m? (6.4 x 10* slug-ft2)

Space Station Module
My = 9050 kg (6.2 x 102 slugs)

I, = 2.3 x 10° kg-m?2 (1.7 x 10° slug-ft2)

B

5000-1b Satellite
My = 2270 kg (1.55 x 102 siug).

I; = 9.2 x 10% kg-m2 (6.8 x 103 slug-ft2)

Unloaded Arms

My = 550 kg (37.8 slugs)

I, = 1395 kg-m? (1026 slug-ft2)

B

240%

80%

19%

4%

*Based on a guideline of the preliminary design, the joint
torques were designed for a fixed Shuttle; hence it is
assumed the manipulator is capable of the indicated torque

ingrease,
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It can be seen from the values in Table A-1 that the increase
in the torque requirement brought about by fixing the Shuttle in
rotation becomes considerable for the larger payloads. Once again,
it is noted that the values in Table A-1 are conservative estimates,
and the actual increase in torque can be expected to be somewhat
less. Nevertheless, it is apparent that some form of compensation
is necessary if the Shuttle's rotation is to be eliminated and the
torque requirement is to stay the same. Now, the adjustment in
payload mass given by Eq [A.1.15] will aid in decreasing the value
of e, and it may be possible to eliminate the torque increase
entirely by adjusting the moments of inertia of the payload. The
possibility of eliminating e by adjustment in the imertia proper-
ties of the payload necessitates a more detailed analytical in-—
vestigation then is presented here. In the event that the neces-
sary compensation cammot be obtained by adjustment in payload
inertia properties, one can always appeal to a computer augmented
simulation in which the proper torgue compensation is computed
by monitoring the motion of the manipulator, and the necessary
signals are relayed to the control mechanism thereby giving the
operator the proper "feel'". It is noted that if force feedback
is not to be employed, no compensation is necessary assuming the
manipulator is capable of the increased torque requirement.

3. Conclusions

‘It was shown in Section A.2 that the inertia properties of
the manipulator arm have a negligible influence on the system's
motion. For this reason (See Section A.1.), it is possible to
eliminate the three tramslational DOF of the Shuttle (during a
simulation) by choosing the mass of the payload property. (See
Eq [A.1.15].)

It is possible to eliminate the rotational motion of the Shut-
tle (during a simulation) without any torque compensation for
small payloads. (What constitutes a 'small" payload will depend
on a more detailed analysis.) However, for the larger payloads,
some form of torque compensation is necessary if a force feedback
type of control is employed. The necessary compensation might be
obtained by proper adjustment in payload inertia properties (Wheth-
er or not this is possible requires a more detailed investigation.)
or by computer augmentation or both. If force feedback is not used,
the Shuttle's rotational motion can be eliminated without torque
compensatlon in the master, if one assumes the slave is capable
of the increased torque requirement.
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APPENDIX B

OPTICAYL ROTATION OF RMS OPERATOR'S FIELD OF VIEW

Orientation of the Shuttle on its side as well as the re-
quirement to either rotate the operator on his side also or to
rotate his field of view through 90 deg (for direct as opposed
to TV viewing of RMS operations) was discussed in Chapter TII,
Seetion B. The four methods of rotating the field of view (FOV)
which were briefly investigated include the following:

1)} Dove or Pechan prism;
2} Plansr mirror system:
3) Afocal lens and planar mirror system;

4} Aspherical mirror system.

Upon initial examination, these methods appeared to be most
feasible methods for rotating the FOV, These should be further
analyzed and other techniques investigated. All four methods
of rotating the field of view have the following limitations:

1) One window — The Shuttle RMS operator as per NASA
Drawing No. SAY 44101672 is provided with three
rearward facing windows. It is quite likely that
small viewing ports will be added on the side and
top of the crew compartment for RMS operations.
Rotating the field of wview can be done only one
window at a time and displaces the operator through
90 deg in the yaw axis in addition ‘to the desired

90 deg roll. Therefore, it would be very difficult

to maintain the same window relationships when more

than one window's FOV is rotated;

2) One man operation — The RMS operations are presently
designed to use the Shuttle pilot at a rearward
facing window. If one wanted to rotate this field
of view, the pilot and RMS operator would have to be
positioned either in tandem or faecing each other and
not side by sade as they would be nominally (because
of the yaw axis rotation requirement just mentioned);

3) Small field of view - As discussed below, each of the
four methods investigated gives a smaller field of
view than that shown in MSC Drawing No. SAY 44101672,
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{The RMS operator's field of view will be 68 deg
upward, 20 deg downward, 26 deg left and 26 deg right
relative to the line-of-sight parallel to the X-axis
of the Shuttle.)

1. Dove or Pechan Prism

Two refractive methods of image rotation are demonstrated in
the Dove and Pechan Prisms (Fig. B-1). Both methods are useful
in a collimated or near collimated system, but neither will accept
a field angle larger than about 20 deg.

Pechan Prism

Image

Dove Prism

S e ——

Fig. 1 Dove and Pechan Prisms

2, Planar Mirror System

Based upon MSC Drawing No. SAY 44101672, a mirror system that
would rotate the 26 deg/26 deg horizontal, 68 deg/20 deg vertical
field was examined. It was determined that the mirrotr system
required was infinitely large. (A 90 deg cone parallel to the
X-axis is the theoretical limit making a 68 deg/20 do vertical
FOV impossible.) Therefore, a practical limit was determined
to be 25 deg/20 deg vertical and a 26 deg/l7 deg horizontal field
of view, which requires the following approximaFe dimensions
(Fig. B-2):



eone 4,0 m (13 ft) by 3.8 m (12.5 ft) mirror
eone 1.5m (5 ft) by 2 m (6.5 ft) mirror;
ea 4.0m (13 f£ft) optical path length.

(A 35 deg/0 deg vertical field of view would require mirrors
slightly smaller.)

Let us define "viewing plane" as that plane normal to the
optical axis and positioned just in fromt of the mixrror closest
to the cargo bay. If the viewing plane is at the cargo bay's
forward bulkhead (where the RMS operator's window is nominally
located), then the operator will perceive the manipulator arms
as if he were 4.0 m (13 £t) back from a large window. In other
words, the arm would appear 4.0 m further away than nominally.
If the viewing plane is positioned 4.0 m (13 £t) into the cargo
bay, the operator will have a correct perspective although it
will be limited to 45 deg and there will be a 4.0 m (13 £t) foot
long protrusion into the front of the cargo bay, which may
gluntealistlcally interfere with the manipulator arms and/or cargo
mockups in that area. (This 4.0 m (13 ft) protrusion would ‘in-—
clude the mirror system and the crew compartment for the oper-

ator.)

Object

Mirror

Fig. 2 Planar Mirror System

A primary design consideration is the smoothness of the large
mirrors. The surface of the mirror as well as the image will
be in focus to the operator. If the surface is wavy, then the

image will appear to be wavy also.
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3. Afocal Lens and Planar Mirror System

Another method investigated was an afocal lens system similar
to a large aperature, unit magnification telescope. Using two
small mirrors at 45 deg angles, the reduced internal field is
rotated through the required angle. (The lens system rotates
the image through 180 deg and, therefore, requires a different
mirror arrangement than the previous method.)

The system creates 3, planar exit pupil the same size as the
objective lens with no apparent additional optical path (increased
depth) and no magnification. The eye must be within the exit
pupil to receive an image (Fig. B~3). An object at a given
distance requires the same focus accommodation by the human eye
whether seen through the lens system or directly i.e., there
is no apparent increase in optical path, no magnification, and
no depth of focus problems.

To\achieve a larpe aperature and a short focal length, it is
necessary to use a Fresnel lens. After consulting with the
major manufacturers of Fresnel lenses, it was determined that the
fastest Fresnel lens with good optical properties had an f number
of at least 1.0 (although f numbers of 0.5 had been manufactured)
and the largest diameter was 178 em (70 in.), although most
manufacturers’ limit was less than 51 cm (20 in.). Therefore,
using a 178 em (70 in.) diameter lens with a 178 cm (70 in) focal
length, it was determined that the maximum field of view was
24 deg with an 20.3 cm (8 in.) exit pupil (26 deg with a 10 cm
exit pupil). The mirrors required are 38 em (15 in.) and 56 cm
(15 an.) and 56 cm (22 in.). Twenty-four degrees is only about
+3.05 m (£10 £t) about the X-axis at a 15 m (50 ft) distance,.
If desired, it appears possible to position this 24 deg cone such
that it is not parallel to the X-axis while still keeping the
BMS operator vertiecal.

4. Aspherical Mirror System

The possibility of using two imege formaing mirrors in a 45
deg off axis configuration was also comnsidered as a solution to
both the apparent optical path and image rotation preblems. Even
if the mirror system could be designed through the use of com-
puter design programs, and if an existing optical industry would
accept the task of fabricating the large aspheric mirrors, ab-
erations would be severe and image quality would be very poor.
This is possible in theory but appears impractical to implement.
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APPENDIX C

CENTER OF GRAVITY LOCATION FOR STX-DEGREE-OF-FREEDOM AIRPAD
SIMULATOR

In examining the six-degree-of-freedom airpaid simulator de-
sign shown in Fig. IV-1, the conditions on the structure that
must be moved for each motion can readily be determined. These
conditions are summarized in Table C-1, and their effects are
discussed below.

Table C-1 Simulator Structure Being Moved

STRUCTURIg11 SUPPORT
BEING TARGET | ROLL PITCH AIR STRUCTURE WITH

MOTION MOVED | MOCKUP | GIMBAL | GIMBAL | CYLINDER } AIR PADS
ROLL X
PITCH X X
YAW X X X X X
VERTICAL X X X
LATERAL X X X X X
LONGITUDINAL X X X X X

l. Roll Couples

Only the roll inertia of the mockup 1s being moved. The roll
gimbal axis must pass through the cg of the target mockup so the
roll gimbal load is balanced. Obviously then, the cg of the tar-
get mockup must be located at the cg of the actual target.

2. Pitch Couples

For pitch motion, the inertia being moved is the combination
of the target mockup pitch imertia and the roll gimbal structure.
The pitch gimbal axis must pass through the cg of the target mockup
so that the pitch gimbal load is balanced, requiring balancing of
the roll gimbal structure about the pitch axis.
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3. Vertical Forces

For vertical motion, the mass being moved is the combination
of the target mockup, roll gimbal, pitch gimbal, and partial air
cylinder masses.

It is important to examine the effects on rotation when apply-
ing a vertical force to the target mockup. A vertical force
through the mockup cg will result in only vertical motion, even
if the cg of the combined system being moved does not lie on a
vertical axas through the mockup cg. This is true because any
moments that might result in a case like this are merely reacted
into the airpad structure and do not result in motion.

For a vertical force off the mockup's cg, the inertias to be
moved will be correct, but the mass to be moved will be the com-
bination. Thus, the direction of translation of motion would be
correct, although the magnitude would be proportional to the
combined mass.

4. Lateral and Longitudinal Forces

For these motions the mass being moved is the combination of
the target mockup and the total simulator structure.

Horizontal forces through the mockup cg will result in a de—
coupled translational motion only if the cg of the simulator struc-
ture lies along a vertical line through the mockup; otherwise the
resultant motion would be a coupling having both translation and
rotation. The pitch and roll rotational motion would be correct
because both the inertias and the axes cf rotation are correct.
However, the yaw rotational motion would be incorrect because of
a wrong inertia and rotational axes.

The translational motion resulting from a horizontal force
would have the correct direction. However, the magnitude would

be proportional to the combined mass of the system.

5. Yaw Couple

For yaw motion, the inertia being moved is the combination of
the target mockup and the tetal simulator structure. The yaw ro-
tational axis will pass vertically through the combined cg. Thus,
if the c¢g of the simulator does not lie on a vertical line through
the cg of the mockup, the yaw rotational axis will be incorrect.
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6. Summary

Location of total simulator structure cg - The cg of total
simulator must lie on a vertical line through the cg of mockup.

Location of target mockup cg - Mockup cg must be at inter-
section of roll and pitch gimbal axis.

Mass Distribution between Target Mockup and Simulator Struc-
ture - Since the combined masses to be moved in the horizontal
directions is different than that to be moved in the vertical
direction, the total mass of the target cannot be divided up be-
tween the target mockup and the simulator structure. Therefore,
the simulator mass must be made as small as possible as compared
to the target mass.

Inertia Distribution between Target Mockup and Simulator
Structure - Since the orientation of the target mockup changes
with respect to the simulator structure, the required target in-
ertias cannot be divided between the target mockup and the simu-
lator structure. Therefore, the simulator inertias must be made
as small as possible as compared to the target inertias.
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APPENDIX D

DYNAMTCAL, ASPECTS OF ATRPAD STMULATIONS

The purpose of this appendix is to investigate two possibili-
ties for reducing the design problems associated with providing
the vertical DOF of a massive cargo supported by an airpad/air
bearing arrangement. In Section 1, the feasibility of simply
fixing the vertical travel of the cargo and releasing the Shuttle
in the vertical direction (with sppropriate mass adjustment of
the Shuttle) is investigated. In Section 2, a redistrabution of
the cargo mass is studied.

1. Transfer of the Vertical DOF

In light of the results presented in Appendix A, the Shuttle
is assumed fixed in translation and rotation while the cargo is
free to move with six DOF. An answer to the following question
is desired: Can the integrity of the cargo to Shuttle relative
motion, i.e., both the appearance and "feel," be maintained when
the cargo is prevented from movang vertically and the Shuttle 1s
now permitted vertical travel? To obtain an answer to this ques-
tion, an approach similar to that followed in Secticn A.l is used.
First, the kinetic energy expression for the system, when both
the Shuttle and cargo have six DOF, is derived. This expression
is then modified by the introduction of two sets of appropriate
constraint equations. The resulting two kinetic energy expres—
sions are compared to determine the necessary conditions for
transferring the vertical DOF from the cargo to the Shuttle.

The kinetic energy expression when both bodies are free is
(See Bq [A.1.3].) '

-1 (p2 52 52 1 : 5 Y2 ; 5 Y2 5 4+ p )2
K"zmA(PA1+PA2+PA3) T [(PA1+PB1) *{Fag T Ppa)” T {Fazt P

i 5 : 512 5 Y2 4 (3 : 5 Y2
7% [(PAl TPy T Pc1) - (PAZ Fhpy ¥ Pcz) * (PA3 TPy T Pc3) ]

. . . . 5 ‘
+ (PAB + PB3 + PC3 + PDB) ] + KROT [D.1.1]
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Assuming body A (See Figure A-1, Appendix A.) represents the
Shuttle and body P, the payload, the constraint that the trans-
lation of body A is fixed can be written as

. . -

PAl = PAZ = PA3 =0 [Bp.1.2]

If the vertical motion of D (payload) is restrained along with the
horizontal motion of A, the necessary constraint equations are

- - . -

Ppg T Pyt Pag T Ppg =0

*

PAl = PAZ =0 [D.1.3]

The constraint equations reflecting the restrained rotation of A
are the same in both cases and hence need not be included in this

analysis.

Substitution from [D.1.2] into [D.1.1] and calling the re-
sulting kinetic energy Kl’ leaves

1 . , . . . .
2 2 2 = 2 2 2
5 m:B[P + PBZ + PB-;J + 7 mc [(PBI + PCl) + (PB2 + PCZ) + (PB3 + PC3) :l

Y : ; 5 \2 4+ (B : > \2 4+ [P ; 5 \2
2™ [(PBJ. TPt PDl) i (Psz T PDZ) * (PBB TFes PD3) ]

KpoT [D.1.4]

When Eq [D.1.3] are used in [D.1l.1], the result is

R =+np p2_ 4+1% P2 +P2_+ (P _+ P |2

2 2™ a3 T 2™ |IFe1 T TB2 A3 B3

+xm (B +3 )25 +? Y2+ (P, +P , +P )2
2 "¢ Bl ci Pp2 c2 A3 B3 c3

_]___ . . . 2 L
+ 5 [(PB1+PCI+PD1) + (PB2+PC2+P ) ]+ Keor [D.1.5]
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By comparison of Eq [D.1.5] and [D.1.4] and using Eq [D.1.3] for
PAB’ one can write

- L > s Y2 L p2 1 52 _ ( 5 \2
Kp =K *+3 mB[(PCB * Pna) PB3] T2 M [Pps Fp3 * Pes

p2
+_é§.(

2 (™" “’D) [D.1.6]

Now the condition that the relative motion of D to A be the same
in both cases can be written

K, = X, [D.1.7]
It follows from Eq [D.1.6] and [D.1l.7] that

AT ™

I
|

I
o

Mg = Mo [D.1.8]

since the terms in brackets and éA3 in Eq [D.1.6] are not, in
general, equal to zero.

Thus, in order to transfer the vertical DOF from the cargo
to the Shuttle, the mass of the Shuttle must be set equal to the
mass of the cargo, and the masses of the two arm segments must be
sufficiently small compared to the cargo mass as to be considered
massless.

It is worth noting that m, =M, = 0 was a necessary condition

for elaminating the translational motion of the Shuttle in the
first place. (See Section A.l.) TFurther, it was found in Section

A.2 that mp = M, = 0 is a good approximation to the actual case

because of the large mass of the Shuttle. In this case, however,
the magses of the arm segments (mB and mc) must be small compared
to the mass of the cargo. .

With regard to an airpad simulation, the foregoing conclusions
imply that (since the mass of the manipulator is the same for all
payloads), one can transfer the vertical DOF from the payload to
the Shuttle when the payload i1s sufficiently more massive than the
manipulator arm. However for the smaller payloads, this cannot be
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accomplished without degradation in the carge to Shuttle relative
motion. Once again, determination of the errors involved requires
a more detailed analysis.

At first glance, the above conclusion might appear rather
bleak to one faced with the design problems of the airpad. It is
recalled, however, that the original impetus for transferring the
vertical DOF was to overcome the structural problems associated
with supporting the heavier payloads. It is precisely these pay-
loads for which the errors arising from transferring the vertical
DOF are minimized; therefore the airpad need only provide vertical
travel for the lighter payloads thereby relieving some of the
structural problens.

2. Redistribution of Cargo Mass

It was found in Section 1 that the vertical DOF can be trans-
ferred from the cargo to the Shuttle for the heavier cargos and
thus relieve the structural problems associated with providing
such travel on the airpad. Assuming this to be the case, there
remains the problem of supporting a heavy mass on a spherical
bearing to provide rotation. The problem can be alleviated some-
what by transferring some of the cargo mass from the air bearing
to the support structure of the airpad. This proposal is inves—
tigated in the following paragraphs.

The system to be studied (See Fig. D-1) consists of a body C
of mass m, and a mass m, both supported by an airpad capable of

translating without resistance in the horizontal plane. It is
assumed that C is supported on the airpad at its mass center C*
by a frictionless spherical bearing. All of the external forces
acting on the system are assumed to be equivalent to a force F
and a torque T acting at C*. Finally, it is assumed that C* and
m, are restrained from any vertical motion.

Because C is supported on a frictionless bearing, the mass m,

and the airpad structure can only exert a force §2 onn C. (See

Fig. D-1(b).) If él and 52 denote the accelerations of bedy C

and mass My s respectively, it follows from Newton's second law
that

F+f2= ma, [D.2.1]
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_ Body C
E T Mass m, I
C*

{b)

(a)

Fig. D-1 Cargo Supported by an Air Bearing

Assuming that the mass of the airpad structure is negligible com-
pared to M, and since there is no friction between the airpad

and floor, one can write

F, = -m,3,. [D.2.2]
Finally, assuming the airpad support structure is rigid

3, = 3. [D.2.3]

Combining Eq [D.2.1] and D.L.3]

= F

a, = . [D.2.4]
1 my + m,

Thus, if m, denotes the mass of the cargo, and if my and m, are

chosen so that Eq [D.2.3]

my + m, = W, [D.2.5]



the motion of the system will be the same ag if the entire mass
of the cargo were supported by the spherical bearing.

The limitation on the amount of mass m. that can be transferred

2

to the airpad structure is determined by the inertia properties of
the cargo. For example, let El’ o, ﬁ3 be mutually perpendicular

unit vectors fixed in C and parallel to the principal axes of C

for C*, and let

T . a, = T, i=1, 2,3
and
R-C
W .n, =W
1 iR

where Rﬁc denotes the angular velocity of C in an inertial refer-
ence fram R. Now the rotational motion of C can be described by

Euler's dynamical equations

T

1

Il{vl + VoW o (13 - 12)

1%, + AN (Il - 13) =T

Loy + wyw, (12 - Il) =T

[D.2.5]

[D.2.6]

[D.2.7]

where I,, IZ’ 13 are the principal moments of inertia of C for C%.

1

From Eq [D.2.7] 1t can be
C will be preserved when mass
ture if the principal moments
preserved.

If it is assumed that the

mass m., radius ¥, and length

for the mass center are

2
. mCr
1772
r2 g2
Ty =137 % (4 12
A

seen that the rotational motion of
is transferred to the airpad struc-
of inertia for the mass center are

cargo is a hemogeneous cylinder of
2, the principal moments of inertia

[D.2.8]



where it has been assumed that o

cylinder [Fig. D-2(a)].

) Meo

at the
n13
\\
i ﬁl c*
!
/—-
né“/
ﬁ_ 2 >
(a)

is parallel to the axis of the

n3

Me1le—2/2—)

Now, by concentrating masses m and m

C1 Cc2

A

;z/2~ﬂ

5 Moo &+

Meo

(b)

Fig. D-2 Mass Distribution for a Cylindrical Cargo

El Meo
t’J'?;;—mCl

extremities of the cylinder (Fig. D-2(b), 2t 1s possible to reduce

the mass of C and preserve the principal moments of inertia.

For

the mass distribution shown in Fig. D-2(b), the moments of inertia

are
_ 2
Il &mczr
2
N i
27 %3 2

Solving Eq [D.2.9] for

) 212 - Il
Me1 2
Beg 4y2®

+ 2m . r2

and m.,> One obtains

The total redistributed mass, ™, supported by the spherical

bearing is

m:L = 2m.Cl + 4mC2

D-7
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To illustrate the foregoing conclusions, agsume that the
cargo of interest is the maximum orbital payload described in
Table A-1l, that is

29.2 x 103 kg (2 x 10% slugs)

‘mB=
I, = 7.75 x 10" kg-m? (5.7 x 10% slug~ft2)
I, = I, =8.7x 10" kg-m? (6.4 x 10" slug-ft2) [D.2.12

Assuming the Shuttle will be fixed during the simulation, the
mass of the cargo must be reduced to (See Section A.l.)

5"
= = 24.5 x 103 kg (1.68 x 103 slugs) [D.2.13

- —
C mA+mB

where m, » the mass of the Shuttle, has been taken to be 14.59 x

10" kg (10" slugs). Now, assuming the length of the cargo is
18.3 m (60 ft) with a 4.6 m (15 £t diameter, or

2 =18.3 m (60 ft)

r=2.28m (7.5 ft) [D.2.14

it follows from Eq [D.2.10] and [D.2.12] that

Moy = 298 kg (19.8 slugs)
Bo, = 3700 kg (254 slugs)

So that the total mass on the spherical bearing is (from [D.2.11])

15,400 kg (1056 slugs)

=
Il

m, = m, —‘ml 9090 kg (624 slugs)

D-8



Thus, to gimulate the motion of the maximum orbaital payload of
29.2 x 103 kg (2 x 103 slugs) a mass of 15.4 x 10% kg (1.056 x

103 slugs) must be supported by the spherical bearing and a mass
of 9090 kg (624 slugs) must be attached to the support structure,
In other words, one can reduce the mass supported by the spherical
bearing by 9090 kg (624 slugs), which represents a decrease of

37% from the adjusted mass of 24,500 kg (1680 slugs). The per-
centage reduction for smaller payloads will be even greater
because the distance from the mass center at which the masses

LA and M., Can be positioned {(i.e., % and r) will be same as in

the above example, but the moments of inertia Il and 12 in Eq
[D.2.10] will be less.
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APPENDIX E

STATEMENT OF WORK, TASK IDENTIFICATION

Chapter Task No.

I1. RMS Mission Requirements 3.12.1
I1I. Critical Simulation Requirements
Iv. Simulation Methods 3.12.2
VI. Manipulator Structural Design

Alternatives
V. Comparison of Simulation Methods 3.12.3
VII. Investigation of Options for

Selected Simulation Method-

Airpad
VIII. Mission Simulation Capability of

Airpad Simulation
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