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ABSTRACT

The design of a vertical lunar gravity simulator is
presented. The simulation technique involves negating the
various 1limb segments spearately using constant-force negator
springs. Overhead support is provided by magnetic air pads
which offer negligible resistance to horizontal movement.

The torso harness that is used provides for six degrees of
freedom over a wide range of movements.

The dynamic behavior of the lunar gravity simulator
is considered. Indications are that low fatigue-life negator
colils mounted back-to-back will be suitable as constant-
force, long-deflection springs. A conical drum, adjustable-
force negator unit is optimized for minimum weight. A tech-
nique for determing the mass and center of mass of the
various body segments is alsco presented. An analysis to
determine the correct attachment points for negating the limbs
and torso is presented. It is recommended that negator coils of
the lowest rated fatigue life be used as constant-force, long-

deflection spring elements.
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INTRODUCTION

1.1 Introduction

Manned lunar flights will be realized in the near
future. Exploration of the lunar surface by man is an
essential part of the Appolo lunar mission. Effects of
the lunar gravity on the ability of an explorer to perform
self-locomotive tasks will probably be appreciable. Because
the lunar environment is considerably different from that
on the earth, the explorers will have vto learn how to adjust
their accustomed methods of walking, etc.

There are two major factors affecting a lunar explorer's
performance: 1) Lunar gravity is approximately 1/6 earth
gravity, and 2) The explorer will be wearing a space suit with
life support equipment. To quantitatively evaluate the
expected performance of a lunar explorer before the actual
Apollo flight, it becomes necessary to simulate realistically
the lunar envirormment. Kinematic and physiological data
can then be collected from test subjects performing the
required lunar tasks in a simulated lunar enviromment. Conclu-
sions can be drawn as to how the lunar gravity and spacesuit

restrictions will affect the explorer's performance.



1.2 Types Of Simulators

Several types of lunar gravity simulators have been
constructed and many others proposed.[lgjLangley Research
Center has developed a cable suspension, inclined plane simu-

[7]

lator " ~“that has been used extensively in research programs,
(see, for example, reference [11]1). In this simulator the
test subject is held by cables inclined so that he forms
an angle of approximately 9.5° with the floor. (see Figure
1.1). The test subject has 3 degrees of freedom: 1) walking
straight ahead, 2) jumping straight up, and 3) rotating
forward. The subject cannot move sideways at all, but during
normal walking there isn't normally very much sideways movement.
The simulator has worked well in self-locomotive studies.
Several types of six degree of freedom simulators
have been constructed. Many of these have been used to
similate a zero-gravity situation. Most of them involve a
series of gimbals on bearings which allow a test subject to
rotate about his center of mass in any rotational direction
(see, for example, reference [7], Figure 5, page II-9).
When adapted for use as lunar gravity simulators these usually
suffer from the fact that the necessary mechanisms involve

the addition of a considerable amount of mass to the test
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Figure 1.1
Sketch of Inclined-Plane Simulator



subject. This can be at least partly justified because a
lunar explorer will be burdened with a great deal of additional
mass in the form of a spacesuit and life support equipment.
However, during biomedical testing, it becomes necessary to
add still more mass in the form of medical data gathering
equipment; and the total resultant mass may be more than the
lunar explorer will carry while on the moon.

In addition, these simulators may have no provision for
negation of the test subject's arms and legs. The main prob-
lem is to effectively negate the torso and still allow for
true simulation when the subject pivots about his center of
mass. However, about 30-35% of the body mass is in the limbs
and this fact should not be neglected. The total body center
of mass can very appreciably during normal moveﬁents,[lsjbut
it is felt that the centers of mass of the individual body
segments will not exhibit this same variation. Therefore, if

the body segments are negated separately, better simulation

should result over a wider range of normal body movements.



1.3 General Description Of Case Simulator

The Initial design work on the Case lunar gravity
simulator was based on the following observations:

1) Six degrees of freedom in a simulator would be
desirable since even the simpiest self-locomotive tasks involve
movement that requires six degrees of freedom; and, if these
movements are neglected in a simulator, erroneous test results
could result. Moreover, various stability problems could be
present which would not show-up if the test subject were con-
strained to less than 6 degrees of freedom.

2) Elementary self-locomotive tasks do not require the
full use of all 6 degrees of freedom. One must be able to
rotate in any direction, but one need not have the capability
to rotate a full 360° in any direction. Rotation in the simu-
lator should be far enough to give the subject an indication
of when he has lost his balance.

3) It would be desirable to have the test subject
standing upright rather than being held almost horizontal as
in the inclined plane simulator.

A preliminary concept of a simulator based on the above
observations evolved which involved a test subject being held
somewhat like a puppet and standing in an upright position

(see Figure 1.2). The desire was to negate the major body
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Figure 1.2 - - 4-Point Torso Suspension



camponents separately in an effort to achieve bétter simu~
lation. Constant force springs were to be used to negate

the body segment's weight. It soon became evident during
preliminary investigations (which included a full-size
prototype mock-up) that the resultant cable interference was
intolerable. It was still felt that the body components
should be negated separately, but a better mefhod whould have
to be found for achieving this objective.

The concept that eventually evolved is shown in Figure
1.3. Thé torso is negated by an "L-C" brace which allowed for
rotation, and the legs and arms are negated by separate cables.
A further innovation was to attach the leg suspension cables
directly to the torso harness mechanism in a fashion which
allows the cables to remain directly above their attachment
points.

The constant force spring elements are negator spring
units which are further described in the succeeding sections.
Overhead support is provided by magnetic air pads acting
against a smooth steel ceiling which exhibit a large holding
force while offering negligible resistance to horizontal
movement. These air pads are described in another report.ElO]
The harness design for the Case simulator was done by the
Industrial Design Department of the Cleveland Institute of Art

working with Case Institute of Technology.
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DESTGN EQUATIONS FOR NEGATOR UNITS

A negator spring is a device which provides a constant

tension for any degree of extension within its designed range.

The type proposed for this application is shown in Figure 2.1.

It consists of a prestressed strip of flat spring steel,
coiled tightly around a bushing. The spring can be uncoiled
by applying a force, the magnitude of which depends on the
geometry and dimensions of the coil. Tigure 2.2 depicts

two coils mounted back-to-back in the configuration proposed
for use in the lunar gravity simulator.

The force obtained by unwinding a negator coil is
almost perfectly constant (i.e., force-extension gradient is
zero). Through various methods of manufacturing control,
gradients ranging from slightly positive to slightly negative
can be achieved.

A dynamic analysis of the proposed system indicates
that a negator having a slightly positive force-extension
gradient is desirable. The reason for this is that as the
negator coil is unwound, an increasing force must be exerted

to overcome the weight of the extended portion.
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Figure 2.1

Negator Simple Extension Coil
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Figure 2.2
Two Negator Coils Mounted Back-To-Back
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2.1 TForce Vs Extension

2.1.1 Simple extension coil

In this section the equations describing the force
verses extension for simple negator coils mounted in a back-to-
back configuration will be derived. The derivation is based on
a paper by Votta.[lsj

First the problem of bending of a thin plate will be con-
sidered: A bending moment is applied to a thin plate as shown
in Figure 2.3. We will assume that the simple beam formulas

apply. Consider a thin plate bent into an arc with a radius

of curvature R by a moment M. Using Hooke's Law (assuming

g =0

Yy
e = ilo - po.l (2.1)
X E X Z :
e =20 - ol (2.2)
Z E Z MOy ) :

Now it is observed that for thin plates, there is very little
distortion of a cross-section in the y-z plane except at the

edges, therefore:
e =0 (2.3)
and, consequently from Equation 2,

O_ = o (2.4)

11



Figure 2.3 - - Sketch Of
Length Of Negator Material
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and € (2.5)

1
|-

[

Q
b

|

=

qN
b

—

e = (I, . (2.6)

The relation between the resultant radius of curvature and

e 1is:
pre

e, = y/R . (2.7

The end conditions require that:

+y/2
M = J o, wydy (2.8)
-y/2
__Eb vy
o, = 5 & (2.9)
1-n
3 .
M = ___EW't_Z_ (2.10)
12R(1-u")
since T = wt3/12
M o= —Ei (2.11)
(1-u7IR

However, this equation, (2.11), does not apply to the negator
coil because, althoﬁgh the negator material is very thin, the
distortion of the cross-section in the y-z plane is servere

and Equation (2.3) does not apply. Instead

o, =0 (2.12)

13



and

1
EX—EO'

(2.13)

(2.14)

The equations analogous to equations 2.8-2.11 are then as

follows:

+y/?2
M = J onydy
-y/2
- By
% R
M = Ew*t3
12R
- EI
M=z

(2.15)

This is the moment-curvature relation, obtained using elementary

beam theory.

The negator coil has an initial radius of curvature, R .

If we apply a moment M:

M\/]) M = \/TR\ 1



M=EI(&=—-3 . (2.16)

To determine the energy stored in a length of coil L

consider the following sketch:

0
£=—J Mde

6n
e:-Ilg- de =:%dR

R

R

£ =+ jEI(%———%) EQdR. (2.17)
R
R
n

Integrating this relation, we obtain:

EIL -1 1 2
€= 5+ 5 - ¢
Rn R n

(2.18)

Now consider the following sketch:

15



The energy of each coil in state (1) is

EIL -1 1 2
E. =321 + > - 1
1 2 R2 R:r21 R R

The energy when pulled straight, (2), is

ETL 1 (2

Since FL = 2(&, - gl>-,

F o= Ellx%e - 351 . (2.19)

To find F as a function of L we must find R as a function

of L.

16



L o Length of coil
t = Thickness

L N

rg |

We can write

_ 2 t 1/2

So the force equation becomes:

3
Ewt 2 1
F = [ - ] . (2.20)
207 R Ew-n1t? R 4R
n 1o w 10w
[18]

Votta indicated that the natural radius of curvature, Rn 5
undergoes a change during heat treatment according to the follow-

ing relation

_ 13 2
Rl’l = ﬁ Rno 1'-5‘ r (2.2
Substituting this into Equation (2.20) we obtain
. Bwtr 2
To12 ¢ 2,2 .t 1/2.13 2 .t 1/2
Log(R F(L-10)7" "R JERY +=(1-1)1]
- ] _ (2.22)

1
2t I

17



Because of the fact that Rn is increased in the outer coils
during heat treatment, the negator unit has a different force
versus éxtension characteristic when backwound. It is
necessary to substitute 1 = for L-1 in the first term in

brackets in Equation (2.22)

3

Bw = 12 3 2 .t 1/2 13 2 .t 1/2
L E(Rno+'1_r_(l)) +l_5Rno] [Rio+?(L_l)]
5 tl ] (2.23)
R, +—=(L-1
1o

One possible way to achieve adjustability of the back-to-
back negator arrangement would be to vary the diameter of the

drums on which the coils are wrapped. It would be desirable

to have an analytical expression for the %% :
We have
_ 2 1
F=El [z - =5 ] (2.24)
n R
Differentiating with respect to R
Fo-E, « 51 . (2.25)
2 RR® R

This equation can be written in a different way. If we make

the substitutionss

18



Rn/R =, (2.26)
3
_ wt
I= VI (2.27)
we have
SF _ Fwt 2 3
IR = — [-2r° + 2vr7] (2.28)
12R
n
and using - = §
€ R 7 °f
n
F Ew .3 2
32 °§ Sfr (r-1) . (2.29)
We now have a simple approximate formula for %%

Computer programs utilizing the above equations were developed
in order to get a rapid and accurate theoretical force versus
extension characteristic for many different coils.

The force vs. extension characteristics were determined
experimentally for three 2500 cycle fatigue life stock negator
coil units each with two coils mounted back-to-back. The
results are plotted in Figures 2.4 thru 2.6, together with the
predicted force characteristics.* The predicted force is higher

than the experimentally observed force in every case. There

is a corresponding decrease in the difference between the value

-~
-«

The negator coil numbers refer to a code used by the
Hunter Spring Company; Hatfield, Pa.

19



Figure 2.4 - - Force Characteristics
Of H16P38 Negator Coil
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Figure 2.5 - - Force Characteristics
Of H20R47 Negator Coil
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‘Figure 2.6 - - Force Characteristics
Of H25548 Negator Coil
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of the force at the high and low values of Rio' There are
several reasons for this discrepancy. Because the negator
coils are mounted on drums which are a finite distance apart,
the coils cannot be straightened completely during force
measurement. The model on which the force derivation is based
assumed that the coils were perfectly straight after leaving the
drums. Quantitative evaluation of this effect is very difficult,
and is further complicated by the fact that the distance between
the drums on which the coils are mounted can vary depending
on the diameter of the drums. This is because the force mea-
surements were taken using adjustable drums (see section 4.2).
The curves on the graphs of Figures 2.4 - 2.6 labeled
"10% less" represent a force that is 10% less than the derived

[181

force labeled "exact theory." Votta has derived a theoretical

force for negator coils which is approximately 10% less that the

represented by equation 2.19:

_ 2 1
F-El[ﬁ——z'
n R

The force expression Votta derived is given by :

]

_ 2 2 1
F = (1—11. )EI[ ﬁ - —7]
sl R
and since u = 0.3; l—uz = 0.9 and therefore this force is

approximately 10% less than the correct theoretical value.
Another possible reason for the discrepancy between the
theoretical and experimental forces is the fact that the coils

are sold with a force specification of :10%. The force is a

23



strong function of thickness (ts) so a small variation in thickness
could result in large variations in-force.

At any rate equation 2.19 can be used for design purpose
if one recognized the fact that actual force will probably be lower.
If the negator units are designed to be adjustable, it becomes
unnecessary to have an exact expression for the force.

When the negator coils are backwound the force output
becomes almost constant. Figure 2.7 shows the force characteristics
of a typical back-to-back negator unit that is backwound together
with the same coils frontwound. It can be seen that the backwound

coils exhibit a "flatter" force vs. extension curve.

2.1.2 Torque-Motor
In this section the equations describing the torque output
of the "Torque-Motor" configuration will be derived. The configu-

ration to be studied is shown in the following sketch

24
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The coil on drum (1) is in a relaxed state. A torque, T,
is developed on drum (2) as the coil is pulled straight
through zone d and then wrapped counter to its relaxed

rd

curvature on drum (2). To get a force output a 37~ drum

could be attached to drum (2), and an output cable wound
on the 3rd arum.

The energy Afi , of a short length of coil, Al , on
drum (1) can be expressed as
1,2

(2.32)
Py

_EI 1
AEl = = Al(q -

The corresponding energy, AEé, of a short length of coil

Al . Wrapped on drum (2) can be written:

Af m EIAL (1 1.2

2 2 Rn R,

(2.33)

The change in energy, A& , as a short length of coil Al

passes from drum (1) to drum (2) is

€ = 08, - 0f) = B v PP - 2w
T n 1

This change in energy can also be written as:

_ Al
AE = Tas =8 R, (2.36)
Letting A » d
da€ _ .. _ dedl _ dg€
W T T s Rar (2.37)

26



So from (2.34)

d€ _ EI 1 1 2 1 1
4B B 4 (= + 2]
dl 2 R% Ri Rn R2 Rl
and using (2.37)
BIRp 01 1 .2 ,1 .1
T=sm—lZ-S+tg (gt
R, Ry n 2 1
fiel, . - .
Votta derived a similar expression;
T - EIR2 . 1, 1_32
T2 R R
n 2

by assuming that Rn ] Rl'
(2.39) will reduce to (2.40) if Rl o Rn'

(2.38)

. (2.39)

(2.40)

It can be seen that Equation

So that R, can be

2

related to Rl’ it is necessary to find d as a function of

q » R2, and Rl'

We have:

27



We can see immediately that

2 2

2
a” + (Rl + R2) = q (2.41)

Also, if we denote the length of coil wrapped drum (2) by 1

and the total coil length by L, we can write:

2 t 1/2
R2 o [RQO + Py 1] (2.42)
_ 2 t 1/2
Rl = [RIO + ;{L—l—d)] (2.43)

The resulting equations will be greatly simplified if d is

replaced by a constant dC . Let:

d_ = [q° - (R y211/? (2.144)

10

Now the Torque equation (2.39) can be used if (2.42), (2.43),

and (2.44) are substituted for R,, R., and d.

2> "1

A fortran computer program was written which used the
derived equations to give the output Torque, T , as a function
of the number of turns of drum (2). It may be desirable to
have a number of take-up drums (1), and so the computer
program was written to allow for this.

Computer runs were made for anumber of stock "Torque-
Motor" coils; utilizing single and multiple take-up drums.

The torque output is plotted versus number of output diameters

in Figure 2.8 for a typical "Torque-Motor". It is desirable

28
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Figure 2.8 - - Torque Characteristics of Torque-Motor
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to have the torque constant. It can be seen that as more
take-up drums are added to increase torque the torque versus
turns characteristic departs further from a constant value.
Because of this the torque motor form of negator not considered
further. It was decided that simple negator coils mounted
back~to-back would provide a more nearly constant force through-

out their extension range.
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2.2 Fatigue Life Characteristics

2.2.1 Force-to-weight ratio

One of the most important factors affecting the design
of the negator units is the fatigue life of the negator coils.
The negator coils are highly stressed in order to produce
a relatively high force—to—weight ratio, and consequently, they
can suffer from very short fatigue lives. The maximum tensile

stress in a negator coil when pulled straight is given by;

g =

E
max 2

r
R
n
a function of t/Rn which is called the stress factor (Sf).
One can therefore generate a plot of Sf versus rated fatigue

life. Such a curve is shown on the graph of Figure 2.9. Now

since the maximun force available from a negator coil is given

by

E = — (2.u45)

and the weight of the coil is given by
weight = p, WL (2.46)

The weight/force ratio is
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24p L R

n (2
T (T)

weight/F

K

g (2.47)

2
f
We see that this ratio is an inverse function of the stress
factor squared, and since a low weight to force ratio is

desirable, we would like to make S,. as large as possible.

f
But a large stress factor means a low fatigue life. Since
2Up L
K= Ew ; 1f we chose a length, L, K will be a function

of the material only; and we can make a plot of weight to
force ratio versus fatigue life for a given L . Such a plot
is shown in Figure 2.10 for +two negator coil materials, 1095
carbon steel and 301/202 stainless steel. It is evident
that a design trade-off will have to be made between fatigue

life and force per unit weight.

2.2.2 Adjustability
The relationship between fatigue life and "adjustability™
of negator coils should also be considered. By "adjustability"

is meant the change in force for a change in drum diameter or

%gu This Equation (2.25) has already been derived:
%é.: 2FT [ _%._ __lf'] (2.25)
R R R
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Substituting:

T = W‘t3/12
and
r o Rn/R
we can write
F Ewt3 2
gﬁ = 3 (r-Lr
8 BR
n
but 't/Rn = Sf
So
oF  _ Ew 2 3
i v (r—l)(Sf)

It can be seen that §F/3R is a function of the stress factor
cubed. A large value of 3F/3R 1is desired for good adjust-
ability; therefore, a large value of the stress factor is
needed. But a large stress factor means low fatigue life and
a design trade-off between the two is indicated. Furthermore,
it can be seen that 3F/3R 1is a function of r , namely

rz(r—l). This function is plotted in Figure 2.11.

The curve has a maximum at a value of r=2/3 . This is
R
an indication that for maximum adjustability: r o —%- should

be centered about the value 2/3.
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A study of the weight-to-force ratios and adjustability
of negator coils indicates that coils of the lowest rated fatigue-
life should be used. Limited tests of the fatigue life of negator
coils indicated that thé coils will last somewhat longer than
their rated fatigue life; and, more importantly, their force
characteristics do not change with life. Furthermore, should a
coil break while in use, it does not pose a safety hazard if the
negator coils are always mounted back-to-back. The remaining
coil will confine the fractured coil's recoil keeping it well
above the test subject. It is therefore recommended that negator
coils of the lowest rated fatigue life be used with the lunar

gravity simulator.
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SIMULATOR DYNAMICS

Introduction

In this section the equations describing the dynamic
characteristics of the lunar gravity simulator will be derived.
Simple approximate equations and more exact equations which
require computer Solution.are derived. The effects of various
parameter changes are studied. The aim is to gain an under-
standing of dynamic behavior of the simulator and to discover

the main factors of design that affect dynamic performance.

3.1 Simple Approximate Solutions

Let us start with the simple system shown below: Two
negator coils mounted back-to-back on two spools with a sus-

pended mass.

T o moment of Inertia of
the spool

p = mass density of negators

w 8 width of coils
X t thickness of coils

R = Radius of spools

L o length of coil
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Assume that the radius, R, upon which the coils are wrapped

is constant and further assume that the force output of the

negator unit is such that perfect static simulation is achieved:

F = %—Mg + 2pwixg
Writing f = ma for the system:

M+ 2pwtx)g - F = (M + -17 + 2pwitx)a
R
where
Io ZIS + 2pwt(L—x)R2

Solving for the acceleration,

a = (M+2pwtx)g - F

QIS

M+"—2—+ 2owtL
R

Now using (3.1);
1 M
ano E—g[ 7T, 1
M+T+ 2thL
R

(3.1)°

(3.2)

(3.3)

(3.4)

(3.5)

We can see immediately that perfect static and dynamic simu-

lation is impossible due to the inertia of the system repre-

sented by QIS/RQ and 2pwtL.

os

to %—g, which is very close to the true value.
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From Equation (3.5), we can see that the acceleration

approaches lunar acceleration as the inertia of the spool and

the negator approach zero.

Or if we let the static force output of the negator be;

5 1 1 2Is
F=§Mg+29wtxg—€Mng—E—R—2—g (3.86)
where Mn = 2pwtL
then the acceleration will be:
M+M 4+ 2IS/R2
_ 1 n _1
a = gg[ 1= L - (3.7)

M+Mn + ZIS/RZ

This results in perfect dynamic simulation, but now the static

force will be off by an amount

1 2Is
AFZ-B-g(Mn‘I'——Z—)

(3.8)
R

Therefore, for good simualtion, it would be advantageous to

keep the ratio AF/F as small as possible.
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3.2 One-Dimensional Simulator Dynamics

In this section a more accurate mathematical model will
be formulated to describe the dynamic behavior of the simu-
lator. The analysis will be limited to a consideration of the
motion for a jump straight up. The system to be considered

is shown in the following sketch:

LAY VAN \l\\\\\ \\\J\\\\\\\\

Ly ]

[ ]
The method of Lagrange will be used to analyze the
above system: We can write the kinetic energy of the spools

as:

2

T =%—Iw (3.9)

]

where
Im 2IS + 2IC . (3.10)

IS e moment of inertia of one spool

41




Ic = moment of inertia of the coiled portion of
the negator coil.
I =7 rzdm r = (R2 + E-];)]'/2
c o m
dm = pwtdl
L-x 5
~ 2 . tl 2 owrt 2
I, = J (Ro + ;—Jpwtdl ] ptho(L—x) + 7;——-(L—x)
© (3.11)

and since w = %X/r, we have:

{2IS+2[pthg(L—x)+pwt2/2n(L—x)2]}>'<2

R? + £ (Lx)
O m

T = (3.12)

=

1
2

The kinetic energy of the extended portion of the negator coils
can be written:

2

T = pWERR (3.13)
The kinetic energy of the mass is: Tm o %—Mkz (3.1%)
The generalized force QX can be written:
Q, = 2powtxtM)g-F . (3.15)
The total kinetic energy of the system is:
T =T +T +T
s nm
2 Wt 2.2
1 (2T _+2[owtR (L) +E5~(1-x) “13% 21 9
T:—2— +pW't}Q.{+12-‘M}.(
(3.16)
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Lagranges equation is:

Differentiating (3.16) with respect to %:

{2IS+2p R™(L-x)+ ————(L x) Ix

aT

%

Ol\)Ol\)

+ —(er)

+ 2pwtxx + M

2
d 9T, _ 2 pwt
It (=) = (2IS+2pthO(L—x)+ ——(L—x) )

ox

(2 R2E (L2 £+ @+ Yot
oT m O T

2pwt

)

+(>'<(RC2)+%(L—X)) )(— 2pth i 28T (1 )%)

+2pwt(X§+§ 2) + M%

aT
ax

[(—)(R ' (L_x)>‘2]

-1/1 L2

+[R+—(L— )] —x(2th-2—pw—t—-(Lx)]
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(3.17)

(3.18)

(3.19)

(3.20)



Substituting (3.15), (3.19), and (3.20) into (3.17) and

collecting terms we obtain:
x[(2IS +8, * 83)/8l + 2pwtx + M]

2
.2 1t 2 2, pwt
+ X [pwt + —-—(ZIS +S, + 83)/81—(ptho+—;—-(L—x))/Sl]

2T
= (2owtx + M)g - F (3.21)
2t
where Sl = R™ + =(L-x) (3.22a)
(@]
S 2
2 @ 20wtR’(L-x) (3.22b)
Wt 2
S4 @ (B;——J(L-x) ) (3.22¢)

The complexity of Equation (3.21) demanded that a numerical
solution be made. A computer program was written to
numerically integrate Equation (3.21) using a Runge-Kutta

[12]

4th order numerical integration technique. A copy of the

developed program is included in appendix B.

The input to the program is an initial upward veloc-
ity of the mass. The output of the program gives the trajec-
tory of the mass and its vertical acceleration during the
ensuing motion. Figure 3.1 shows a typical simulator jump
compared to a true lunar jump with the same initial conditions.
The vertical acceleration is also included on the same plot.
The"simulator trajectory" is very close tc the lunar trajec-

tory in this case.
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As the rated fatigue life of a negator coil increases,
the force to weight ratio decreases. To determine quanti-
tatively the effects of using negator coils of different
fatigue lives several computer runs were made. The results of
these runs are shown in Figure 3.2, together with a lunar
jump. It can be seen by observing the trend 1 + 5 that as
longer fatigue lives are demanded, the simulation tends to get
worse. The "jumper" overshoots by more and more as the
weight of the negator coils increases. This is reasonable
because the moving parts of the system now have more inertia

and thence more energy at a given initial velocity.
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3.3 Two-Dimensional Simulator Dynamics

In this section the dynamic behavior of the simulator
is investigated. The model used to represent the simulator
is shown in Figure Al in appendix A. The analysis of this
model was completed (by Millett) in an earlier report.[zjand
is included in the appendix. The equations that resulted
from this analysis were very complex and required a numerical
computer solution. A computer program utilizing the method

of Milne[lzj

was developed to solve these equations. The
output of this program gives the trajectory of a man in the
simulator with given initial conditions. A typical trajectory
is shown in Figure 3.3 together with a lunar trajectory with
the same initial conditions. The motion of the overhead air
pad is also shown lagging behind the subject at first and

then catching up and passing him near the end of the jump.

The effect of using negator coils of greater and greater
fatigue life was investigated. Computer runs were made using
coils ranging from 2500 cycle rated life to 100,000 cycle
rated life. The resulting trajectories for the 2500 cycle
and 100,000 cycle negator coils are shown in Figure 3.4
together with the trajectory for a lunar jump. The trajector-

ies for the 2500 and 100,000 cycle negators do not appear to

vary appreciably in this plot, but the graph is somewhat
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misleading in that time is not included. The subject using
100,000 cycle coils will fall far behind in time compared to
the subject using 2500 cycle coils. An indication of this can
be seen by observing the time trajectories as shown in

Figure 3.2.

The effect of increasing the overhead weight (air pad
plus negator housing) was also investigated. For the investi-
gation only the weight of the air pad was varied. The negator
housing weight was made negligible so as not to affect the
results. Computer runs were made for increasing air pad
weight. The results are plotted in Figure 3.5. It is apparant
that as the air pad weight is increased the "jumper" begins
to fall farther and farther behind the lunar jump trajectory.
Figure 3.5 gives a quantitive measurement of this effect. 1In
this Figure, the mass of the air pad is given as a percentage

of the mass of the subject.
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NEGATOR UNIT DESIGN

Introduction

The preceding sections indicate that the main factors

to be considered in designing the negator units are as follows:

1) The force output of the negator coils is not
constant but normally has a slightly positive
force-extension gradient.

2) The weight of the negator coils and housing
should be a minimum for good dynamic performance.

In addition, it would be desirable to have negator units
which are continuously adjustable, at least over a limited
range. It has already been shown that the above consider-
ations indicate that negator coils of the lowest rated fatigue

life should be used for two reasons:

1) Coils with the lowest rated fatigue life have the
lowest weight-to-force ratios (see Figure 2.10).

2) Best adjustability is achieved with the lowest
rated fatigue life coils.

In this section various design techniques are discussed,
and an optimum design of an adjustable negator unit using

two negator coils mounted back-to-back is considered.
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4.1 Design Techniques

Negator springs are desirable for this application
because of their relatively high force output and low weight.
While the negators have been described as constant force
spring elements, it has been shown that the force output of
a negator coil ordinarily has a slight positive force-
deflection gradient. There are several ways to deal with

this problem.

b.,1.1 Width alteration

One method of producing a constant force negator spring
unit involves altering the width of the negator spring coil.[3]
The force output of a negator coil is a function of the coil
dimensions and the extension of the spring band. The functional

relationship can thus be written:

x B extension

F = Flw,x) w = width

The form of this equation is known and can be written:
F = fl(W) - £,(x)

Both fl(w) and f2(x) can be determined by analysis and ex-

periment. Once this is done the width can be altered in such
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a way so as to make:
fl(w) . fz(x)_= constant = FC

Analysis of the negator coil yields the following relations:

fl(w) ] Klw where Kl = constant
' 2 1
£ (x) = -
2 7.t 1772 7.t
Rn(Rio+ ?{L_X)) Rio+ ;(L—X)
therefore:
F
W= ~ 7 T
Kl[ 75 ]

R (RS + SLx)™? R+ Lo
In practive it would probably be easier to determine fz(x)

experimentally. Experiment indicates that fz(x) is a linear
function of x as a good approximation. This means that the

width should vary linearly from one end of the coil to the

other.

4.1.2 Backwound coils

Another method of producing a more nearly constant
force using negator coils involves backwinding them. Analysis
and experiment indicate that the force characteristics of
negator coils when backwound are markedly different from the
frontwound characteristics, (see Figure 2.7). The force

output tends to become more nearly constant throughout the
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extension range. Some negator coils demonstrate a negative
force-extension gradient when backwound. Therefore, when two
such coils are mounted back-to-back, one backwound and one
frontwound, the total force output tends to be constant

throughout the extension range.

4.1.3 Adjustment

It would be highly desirable to have constant force
units that are adjustable. The variations in weights of
human subjects will probably be significant, but if enough
adjustability could be built into the negator spring units,
one set might suffice for subjects with a wide range of
different weights.

One method of achieveing this adjustability involves
keeping a large number of negator coils on hand with differ-
ent force ratings to accommodate a range of test subject
weights.

Another possible way of achieving adjustability would
be to vary the diameter on which the negator coil is wound.
This could be accomplished by mounting the negator coils
back-to-back on opposing conical drums. This type of design

is considered in detail in the following section.

56



4.2 Optimum Conical Drum Design

For a back-to-back adjustable negator unit design,
one.like that shown in Figure 4.1 is proposed. In this
section the stresses and failure modes of the conical unit
will be determined.

Consider a length of negator coil held in equilibrium
at a certain radius R , by a uniform intermal pressure,

P.

The strain energy contained in the coil is given by:

2
_ ML
£‘ 5ET . (4.1)
Substituting
1 1
Mo ET (R— - ﬁ) . (”-.2)
n
We get
_ EIL, 1 1,2
E= —2—( T~ -ﬁ) (4.3)
n
Now considering the work done by the pressure:
R
£ = I 21wPRAR - (4.1)
R
n
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or:

dg _
ﬁ- = ZrwPR . (4-5)

Differentiating (4.3)

d‘c- = EIL (& - 9 =5 (4.6)
R” 2
R
setting (4.6) equal to (4.5) we have
R A 4. 7)
21wR Rn R

Now, if instead of a uniform pressure there is a force per
unit length (f) acting on each edge of the coil, this force

per unit length is given by

f = 2— . (4.8)
So we have
£ = Sl %— - %) . (4.9)
4R ol

Consider now the following situation

fll
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If the frictional force is negligible, only the normal
force, f' , can act to produce the component, £ . The component,

f" , will also be produced. From geometry:

fl

f/sin(a) (4.10)

f"

f ctn(o) (4.11)
There is in addition to the wrapping force a force produced
by the pull of the negator coils. This equation (for two

coils) has already been derived:
F = EIl 5= - =1 . (4.12)
The force acting on one conical section will be

2 1
L Rn_R - —2] . (4.13)

:lt"d
o

B
Fo=g~

w

The stresses acting on the spokes will be considered first.
Two possible types of failure modes are bending stress
failure or compression buckling.

Consider the forces acting at the tip of one spoke:

NN NN
&
|
|
?
o)

. N
o |

—
Q
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here

J
"

f'1 + Fc/sin(a) (4.1%)

where
1= 28 | )4.15)

Look at the section where the tip indicated by the dotted line:

X P
| La/cos
4 T
h/cos
The bending moment will be given by:
M= Px . (4.186)

The moment of inertia of the section can be approximated by:

I-= Ezi 4.17)
12
The maximum stress is given by:
o, =k . (4.18)
Substituting (4.16) and the equation;
y = g/cos(a)+x tan(a) (4.19)
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we get

(4.20)

“m1

6Px
2
b[-c—o‘!;??x'y + tan(a)]

To find the point of greatest stress it is necessary to take

the derivative of (4.20):

acml _ §E_[ -2% tan(o) + 1
3 b 3 2
(coaroy * ¥ tana)®  (g/cos(a) + x tan(a))
(4.21)
Setting (4.21) equal to zero results in:
=49 _
R T ) . (4.22)
Substituting into (4.20) results in
_ 3P cos(a)
Gml = Ba' EEETET (4.23)
The shear stress at the tip is given by
2 Pooste) (4.24)
q

Taking the ratio of maximum fiber stress to maximum shear
stress, we get

o}
ml _ 3
el ) . (4.25)

If tan(a) = 1/2 5 GmaX/T o6

which means that the fiber stress will be greater by a factor

of 6.
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The maximum bending stress at the far end of the spoke

is given by:

_ Mh
an =57 (4.26)
where
Me P'R 4.27)
P' = f'"1 + FC ctn(ea) (4.28)
3
_ bh
T = 5 . (4.29)
Substitution of (4.27-4.29) into (4.26) results in
1
o = Glei i (4.30)
m bh

The compressive buckling of the spoke must also be considered.

The buckling model to be used is shown below

Pll
y

-

For this case
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for the spoke

3
= b (4.32)
12
L =R (4.33)
P" & fl + F_ (4.34)
SO0 we have
2 3
p" Lt“E_hb
S 2‘“ = % (4.35)
p" 120°(f1 + F )

Next, the loading of the conical section is to be considered.
It will suffice to consider one section between two spokes

as shown below
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An exact model for this section would be too complicated, so
for purposes of maximum stress calculation, the section is

represented by a straight rectangular beam as shown below:

Lyl bbbl
| 1 1

J
||< — 1 _ >l| | L‘E/sin"\jn_

If it is assumed that the total distributed load is concen-
trated as a point load P" at the center of the beam; the
maximum stress will be given by
_ P" sin(a) ) (4.36)
i
Where P" is given by

P" o f'1 + FC/Sin(a) . (4.37)

This modél does not fit the actual situation very well but it
does generate a parametric equation (4.36) which can be used
for design purposes.

Tor the design of the spoked conical section, the
parameters that must be chosen are the cone angle, o the
spoke width, b, and width of the conical section, m. The
largest radius, R, is chosen to meet the desired force require-

ments of the negator unit.
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The purposed procedure is to determine R from the

force requirements, choose o somewhat arbitrarily, and then

determine the physical dimension of the conical section by

a consideration of the forces and stresses.

A material and a suitable working stress must be chosen.

In addition, the buckling load must be kept below the critical

buckling load by some factor, B8 .

In summary, then, after the working stress, A and the

buckling load factor, B , have been chosen we have the follow-

ing equations for determining h,b,m, and g.

bq:

bh?

hbs

3P cos(a)
o tan(a)

W
a 6P'R
o
W
2
3L°(f1 + Fc)

2
B Em

JELp 2 1

(f1 + F )1
_ C

z|='\1’
wd

£ |t
3 1A
Ak
elliag
=)
I
el o
L
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A computer program which used the above equations was
written to provide rapid and accurate design data. As the
equations stand there may be more than one constraint on
some of the dimensions, so the computer program was ﬁritten
to choose the dimension which results in a lower stress.

The program was written so that it automatically chooses the
values of the cone angle and spoke number which result in an
optimun force-to-weight ratio. A copy of the program is
included in appendix B.

Using the developed program, the conical spoked section
was optimized with respect to force-to-weight ratio. TFor a
given material and working stress, this can be accomplished
by varying the cone angle and the number of spokes until a
maximum force-to-weight ratio is realized.

Two negator units using two different stock negator
coils were optimized in order to demonstrate the feasibility
of the procedure. Both units use two coils mounted back-
to-back on adjustable conical drums. Coil number SH31U58 was
chosen because the force produced is approximately the force
necessary to negate the torso weight of an average man. The
other coil (SL31U69) was chosen because the negator material
has the same width and thickness as SH31U58. SH31U58 is a
2500 cycle fatigue life coil and SH31U69 is a 20,000 cycle

coil.
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Figures 4.2-4.5 represent the results of applying
the computer design procedure to the above two coils. The
results are always plotted versus the working stress because
the stress may vary widely depending on the particular alloy
that is used.

The curves in Figure 4.2 show the force-to-weight
ratios that can be obtained using 3 different materials with
a buckling factor, B8 , of 0.5. These represent the optimum
force-to-weight ratios that are attainable using two SH31U58
coils mounted back-to-back. Figure 4.3 shows how the optimum
cone angle and optimum number of spokes varies with the value
of working stress chosen. For the range of working stress for
these 3 materials the optimum number of spokes varies from
only 6 to 8. The optimun angle, however, is a strong function
of the working stress value.

Figures 4.4 and 4.5 show corresponding curves for the
20,000 cycle fatigue life coil (SL31U69). The force-to-
welght ratios attainable are much lower than with the 2500
cycle coils, owing largely to the fact that the 20,000 cycle
coils are not as highly stressed and therefore have a lower

inherent force-to-weight ratio(see Figure 2.10).
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Figure 4.3
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Figures 4.3 and 4.5 give the optimum values of cone angle and
number of spokes as a function of the working stress value that is
chosen. The top portion of the graph gives the optimum number of
spokes and the bottom portion the optimum cone angle for 3 different
materials. For example, if we desire to use steel stressed to
30,000 psi as the material for designing a negator unit with two
SH31U58 coils (Figure 4.3), we proceed as follows:

1) Find 30,000 psi on the horizontal axis.

2) Move vertically till the optimum angle curve for steel
is reached and read 28° on the left as the optimum
angle.

3) Continue vertically till the optimum spoke curve for
steel is reached and read 8 spokes on the right.

Computer runs for several other stock 2500 cycle negator

coils were made (using DESIO, appendix B). The results indicate

that the optimum number of spokes is almost invariably 6 or 7 and

the optimum cone angle almost always falls somewhere between 25 and
30 degrees (the angle is constrained to be between 25 and 40 degrees).
Furthermore, the force-to~weight ratio is not a strong function of

N or a near the optimum. It is therefore recommended that negator
units using 2500 cycle negator coils be designed with 6 spokes and

any convenient angle between 25 and 30 degrees.
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HARNESS DESIGN

In the following sections analyses of various suspension
systems for limbs and torso are presented. For purposes of
suspension and negation, the body is divided into 3 sections:

1) legs, 2) arms, and 3) torso and head.

5.1 Cable Suspension Analysis

There are two proposed methods for negating the torso:
1) b4-point torso suspension
2) "L-C" brace torso suspension
The torso would be held more or less rigid in a harness which
consists of a bicycle-like seat with straps to and around
the shoulders, and alsc includes a fiber-glass molded shell
to support the front of the torso.
It is observed that while the center of gravity of the
human body varies appreciably during normal body movements
a large part of this variation occurs as a result of leg and

arm movements.[l3]

While there is no reliable data to support
this assumption, it is also felt that the center of gravity
of the torso and head combination changes very little over
a wide range of movements. This assumption, if true, leads
to the conclusion that the torso can be effectively negated

and supported by considering it a rigid body with a fixed

center of mass.
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5.1.1 UY4-point torso suspension

The U4-point torso sﬁépension system includes 4 suspens-
ion points; two on either side of the hips, and two just in
front of the shoulders. If the center of mass of the torso is
known, it is a simple matter to size the negating force at

the various take-up points. Consider the sketch below:

ZT2

¥

Moment balance requires:

T (z2 sin(e)+y, cos(8)) = T,(

2 sin(e) + y, cos(8)).(5.1)

1'%1

For equilibrium at any value of 8 we have the two eguations:

T222 lel (5.2)

T =T (5.3)

2Y2 11

Also for lunar gravity simulation:
2T, + 2T, = 2 Wt (5.1)
1 2 6 '

5.1.2 "L-C" brace torso suspension
Because of the difficulty in achieving good balance

with the 4-point suspension system and because of the cable
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interference problems a second torso negation system was
proposed. It was felt that if the torso were held more or
less rigid a gimbaled C-brace with pivot points passing
through the center of mass of the torso would be suitable.
This "L-C" brace system is shown in Figure 1.3. There are
bearing pivot points at both sides and at the rear of the
subject. The attachment points are adjustable in two

directions for fine adjustment.

5.1.3 Limb suspension

In this section an analysis of limb suspension systems
is presented.

The analysis for the legs and arm is similar inasmuch
as the two extremities are similar. For purposes of analysis,
the leg is divided into two sections: 1) upper leg and 2)
lower leg and foot. The arm is similarly divided: 1) upper
arm and 2) lower arm and hand.

The 1imb (either leg or arm) is then represented as

shown in the following sketch.
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upper limb

lower limb + hand or foot

It is proposed that the whole limb be supported at a point
below the joint with a force F2.

First, the condition for perfect simulation must be
established. The limb is shown in the arbitrary position

below in a lunar gravity environment.
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The condition of Fl s Tl’ and T2 must be established. TForce

balance requires that:

_ 1
F, = E'g(Ml + M2) . (5.5a)

1

Moment balance on the lower section of the 1limb requires

that:

-1 (-
T, = E-M2g1251n(62) . (5.5b)

Moment balance on the upper 1limb requires:
T, = M gl sin(8 )+ = M g(l,sin(e,)+1,sin(8,))
5 181 177§ T8t 1772 2

_1 . 1 .
T, = —é-g(Mlll + M2L1)51n(el)+ g'gMQlZSln(ez) . (5.5¢)

Now the 1limb is put into earth (lg) gravity and for
a start we try to simulate lunar gravity by applying a force
F2 to the lower section of the limb at a distance a from

the joint in an attempt to simulate lunar gravity, as shown

in the following sketch:
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We can write:
Force balance on upper section:
Fp e Mg+ £,

Moment balance:

T, = Mlg1151n(el)+T2+f2L151n(61)
For the lower section:
Force balance:

f2 = M2g - F2
Moment balance:

T, + F

2 o2 51n(62)=M2g1281n(e2)

Rewriting Equation (5.5d)
T, = (Mzglz—an) 31n(62)
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in order to satisfy (5.6b):

_ 1
M2g12—F2a = E'MZng

or

_5
Foa = E—Mzgl2 (5.7a)

substituting (5.6c) into (5.6a) and (5.6b) we have:
F) = Mg + Myg-T, (5.6a)
and

_ . 1 . . .
T, = M g1151n(el)+ E-Mzglzsln(62)+(M2g-F2)L151n(el)

1 1
(5.6Db)
for (5.5a) to be satisfied:
(M. + M )g-F, = 01, + M,)
1 T /ety =Y T 8
or
P,z 2(M, + M) (5.7b)
2 TF T e .
We now check to see if Tl is satisfied.
_ 5 . .
T, = [ BM,gl M g(l - 2L )Isin(e )+ Mgl sin(e,) . (5.7¢)

Comparison with Equation (5.5¢) indicates that the only way

(5.5¢) can be satisfied is 1if:
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or

This is physically impossible so we conclude that this type of
support is not suitable without some modification. One way to
accomplish the simulation would be to add another attachment
point above the joint, but, to avoid this complication, let us
instead negate some fraction (o) of the weight of the upper
section of the 1imb at the upper Jjoint. We now have the

following situation.

The reaction force at the upper joint is shown as two forces
F, + F3 to clarify the simulation technigue.
We can now write:

For the upper section:

Force Balance:

F) +FyaMg+f, . (5.8a)
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Moment balance:

T, = lg1181n(91)+f2L181n(61)+T2 . (5.

Fér the lower section:

Force balance:

f, + F, 8 Mg . (5.
Moment balance:
T, + F,a 51n(62) o Mzglzsln(GQ) . (5.
We also have:
F, = al E-M 1 (5
3 5 18 y

Solving (5.8d) and comparing it to (5.5b) results in the

condition:

5
an = E‘ M2g12 . (5.

Substituting (5.8c) into (5.8a) and (5.8b) yields:

Fj e Mg - Ty + Mg - (5

and
_ ) . 1 .
T, = Mlg1181n(el)+(M2g—F2)L151n(el)+ E-Mzglzsln(ez)

(5.
Substituting (5.8e) into (5.8a) and comparing with (5.5a)

results in

5 1
M; + M,)g- g oM;g-F, = gg(Ml + M2)
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or

oo

F, +

5
9 Mg = E(Mi + Mz)g . (5.9a)

Substituting (5.9b) into (5.8b) results in:
. 5 5 .
T, =@ Mlg1131n(61)+(M2g— ﬁ(Mi + Mz)g+ 3 Mlg?L181n(61)
+ : Mgl sinCe,) (5.8b)
6 252 2 y :

Comparing this with (5.5¢) reveals the condition

a ol - ll/Ll . (5.9¢)

Equations (5.9a, b, ¢) constitute the conditions on Fos o

and a . Reiterating, we have then the three conditions:

1) o =1 - l1/L1

5 11
2) F2 = gg(M2+q Ml)
ll
3) a-= M212/(M2+ T—"I Ml)

The preceding analysis applies to both arms and legs. The
results indicate that if a fraction of the upper arm or upper
leg weight is added to the torso weight, the rest of the limb's
weight can be negated by one attachment point below the joint.
It is obvious that one attachment point above the joint
could never satisfy the simulation condition. It is also

obvious that two suspension points for each limb could satisfy
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the simulation condition. One attachment point would be a

much simpler arrangement for limb negation.
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5.2 Segment Weight Determination

In order to achieve accurate lunar gravity simulation
by negating the body components separately, it is necessary
to accurately determine the weight and location of the
center of mass of the body segments. Barter[l]developed a

set of regression equations for calculating the weight of

body segments:

both upper arms = 0.08W - 2.9 1bs.
both lower arms + hands = 0.06W - 1.4 1bs.
both upper legs = 0.18W + 3.2 1bs.
both lower legs + feet = 0.13W - 0.5 1bs.

In the above formulas W is the man's total weight. Lay and
[9]

Fisher report that the fraction of the body weight
contained in each body segment is as follows:

trunk and head----0.530

both arms-———————- 0.125
both thighs—-----—- 0.215
both lower legs---0.130

[u]

Contini and Drillis~ ~calculate a body build index which is
a function of both height and weight given by:

c = H/wl/3

where H o height in inches

and W = weight in pounds .

They present formulas which are a function of the body build
index for calculating the weights of the various body segments.
They have also collected data from other sources for determin-

ing the location of the centers of mass of the various body
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segments. Formulas (which are a function of ¢) for the average
density of the limbs are also presented.

Most of the data in the literature is presented

statistically; in terms of averages, standard deviatieons,
etc. TFor the lunar gravity simulation work, exact data are
needed for relatively few subjects. Methods were therefore
developed to determine the mass and centers of mass of the
torso and limbs of living human subjects.

The volume of a particular segment can be determined

by water immersion. Then if the density is somehow known the
mass of the limb segment can be easily found. However, it

is very difficult to determine the density of a segment of the
living body. In fact, determining both the mass and center

of mass of any body segment is possible only with cadavers.

But if it is assumed that the density is a function of total
height and weight as reported by Contini and Drillis the segment's
mass and center of mass can be determined as follows:

1) The volume of the segment is determined by water
immersion. "Knowing" the density the mass can
then be calculated.

2) The center of mass of the segment can be found
by measuring the reaction forces on a balance
board.

A modified version of the water immersion method for

finding the volume is used. The subject immerses his limb in

a tank of water and the level is noted. The limb is withdrawn
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and enough water added from aknown volume of water to bring
the level back to its original position. The volume of water
necessary to do this is the volume of the segment. Volume
measurements are not made; instead the supply bucket is
weighed before and after adding the necessary volume of water
(see Figure 5.1). The segment density is estimated by using
the following equations taken form Contini and Drillis[q].

The equations are modified to include the hand or foot with

the lower arm or lower leg:

_ o—1/3  (H in inches)
c =M (W in 1bs.)

d = 2.17c + 38.1 1b/ftS

dUA = 0.82bd + 13.5 lb/ft3 (upper arm)
dlA = 1.29d - 14.6 1b/ft° (lower arm + hand)
dUL = 0.775d + 14.2 1b/ft° (upper leg )
dLL = 0.9124 + 12.5 lb/ft3 (lower leg + foot)

Having an estimate of the density, it is then a simple matter
to calculate the segment weight.

To determine the center of mass of the 1limb the subject
first lays flat on a balance board while the reaction force,
F2, is measured and the raises the limb to some angle, 8

while the reaction force, F; , 18 again measured:
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(See also Figures 5.2 and 5.3).

Moment balance yields the following equations:

1
WL + w(L + 1) = de

1

1
de = WL + w(L + 1 cos(g))

where w 8 weight of 1limb
W o weight of rest of body
Solving for 1 yields:
1
1 - (Fz—Fz)d
~ w(I-cos(8))

(5.11)

(5.12)

After the mass and location of the center of mass is

known for the limbs, it is easy to calculate the location

of the center of mass of the torso-head combination.
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Figure 5.2

Segment Weight Determination: Balance Board
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center of mass of the total body can be found using the balance
board. Moment balance will yield the location of the center of
mass of the torso-head combination.

The distance of the center of mass from the posterior
body plane is difficult to determine experimentally; however,

[13]

Swearingen has provided experimental data that can be used
to estimate this distance. He reports that the total body center
of mass is 4 inches ( *1 inch) from the posterior body plane for
a standing (arms at sides) position. This data is for normal,
young, adult males. It is assumed that the center of mass of

the torso is about the same distance from the posterior body

plane.
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PROTOTYPE SYSTEM

6.1 Negator Units

Several back-to-back conical drum adjustable negator
units were designed and built. They were similar in design
to those considered in section 4.2 except that they had no
spokes but were solid instead. Each conical unit was designed
as shown in the following sketch with the dimensions shown in

the table below:

d
max
dmin
i
Design No. Coil No. aldeg)  dmin(in)  dmax(in)
1 SH31U58 45 2.26 4.71
2 SH25U48 26.5 1.82 4.18
3 SH20R47 26.5 1.47 3.75
L SH16P38 26.5 1.16 3.4

Design no. 1 (see Figure 6.1) is used to provide

negating force for the main torso harness. (This unit is shown
in the photograph of Figure 6.1). This design produces approxi-

mately 60-80 pounds of force. Design no. 2 is used as a leg
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Figure 6.1 - - Prototype Back-To-Back
Adjustable Conical Drum Negator Unit
(Design No. 1)




negator with the cable going straight up the side of the
subject rather than being attached to the torso harness.

Two other negator units were constructed for use in negating
the arms. These used two SH16P38 coils which had their
width reduced to 1/2 inch. Their force output was about

10 pounds each. All the negator units used in the prototype
simulator were equipped with safety devices to prevent the

coils from coming completely unwound from the drums.
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6.2 Magnetic Air Pads

Ten prototype magnetic air pads were designed and
constructed using the preliminary design of reference 10.
Each pad used an eight-pole permanent alnico V magnet rated
at 70 pounds and weighing 0.7 pounds. The pads are 4 inches
in diameter, machined from magnesium, and assembled with
epoxy. The central orifice in each pad is 3/16 inches in
diameter. When used with a supply pressure of 80 psig,
the pads exhibit a breakaway force of approximately 55
pounds. A photograph of the design is shown in Figure 6.2.

Six of the prototype magnetic air pads arranged in a
ring are used to support the main torso harness; one each
1s used for the arms and legs. The main cluster is shown

in Figure 6.3.
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Figure 6,2 - - Magnetic Air Pad

Figure 6.3 - - Magnetic Air Pad Cluster

97




6.3 Prototype Harness

The harness used with the prototype simulator is shown
in several views in Figures 6.4 - 6.7. The subject is
supported on a bicycle-like seat and held firmly in place
with a foam-padded molded figerglass shell at the front of
the torso. The bearing pivot points at the side and back
allow for forward and sideways rotation (see Figures 6.8 and
6.9). The harness is constructed mainly of welded square
tubular aluminum. Its total weight is about 20 pounds. The
attachment points on either side of the harness are adjustable

to accommodate subjects of different sizes. (see Figure 6.9 ).
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Figure 6,2 - - Magnetic Air Pad

Figure 6.3 - - Magnetic Air Pad Cluster
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Figure 6.5 - - Prototype Harness
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Figure 6.6 - - Prototype Harness
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Figure 6.7 - - Prototype Harness: Seat
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Figure 6.9 - - Prototype Harness: Side Bearing Pivot Point
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APPENDIX A

Introduction

This appendix contains an abbreviated version of an
analysis of the dynamic behavior of a vertical suspension
type simulator. The system to be analysed is shown in
Figure Al.

The system components consist of one magnetic air pad,
a back-to-back negator spring assembly and the subject mass.
The subject mass will be considered to be inanimate. The
negator spring assembly housing is attached to the air pad
by a ball joint. If the system is confined to move in a
plane perpendicular to the ceiling, its position can be
defined by three generalized coordinates; namely, the position
of the air pad center of gravity, the angle between the
extended nagator springs and the vertical, and the distance
from the ball joint to the subject mass. An important assump-
tion must be made, however, before these three coordinates
can correctly determine the position of the system. This is
that the extended portion of the negator spring does not bend
in the plane of motion. This is probably a valid assumption

K

for the orientation of the negator springs shown in Figure AL”

P

* Note that the width of the negator spring is parallel to the
plane of motion.
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Side View Front View

QO

Figure Al
Lunar Gravity Simulator Model
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If, however, the negator spring assembly were rotated through
90 degrees, the width of the negator springs would be perpen-
dicular to the plane of motion. Due to the very low rigidity
of the negator springs in this direction, the assumption
would no longer apply and the three coordinates would not
suffice in locating the system.

The following are the assumptions which will be made
in the derivation of the dynamic equations:

1. The extended portion of the negator spring is rigid
and inextensible.

2. The air pad moves with negligible friction.

3. The up-and-down dynamics of the air pad are so
small that they can be neglected.

4. The ball joint has negligible friction.
5. The air drag on the system is negligible.
6. The motion of the system is planar.

7. The negator spring system has a constant force
for any elongation.

The parameters used in the analysis are defined as

follows:
xp Location of the center of gravity of the air pad.
9 Angle that the extended portion of the negator spring

makes with the vertical.

1 The distance from the ball joint to the center of
gravity of the subject mass.

a The distance from the center of gravity of the air pad
to the ball joint.
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The distance from the ball joint to the center of gravity
of the negator spring spools and housing.

Radius of a negator spring spool.

Radius of the coiled portion of negator spring.
Width of the negator spring.

Thickness of the negator spring.

Total length of a negator spring.

The center of gravity of the system of masses suspended
from the ball joint measured from that point.

A distance parallel to any point on the extended portion
of the negator spring.

Horizontal distance from a-reference point.

Vertical distance from a reference point.

Mass of the subject.

Mass of the air pad.

Mass of the negator spring housing .

Mass of a negator spring spool containing bearings.
Mass of the extended portion of one negator spring.
Mass of the coiled poriton of one negator spring.
The density of the negator spring material.

Moment of inertia of one spool about the ball joint.

Moment of inertia of the coiled portion of one negator
spring about the ball joint.

Moment of inertia of the negator spring housing about
the ball joint.

Moment of inertia of one spool about its axis of rotation.
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I Moment of inertia of the coiled portion of oné negator
spring about the axis of rotation.

The force output of both negator springs.

F

T The kinetic energy of the system.
Q A generalized force.

D Damping coefficient.

T A torque.

Te Coulamb bearing friction torque.

Kinetic Energy of the Extended Portions of Negator Springs

With reference to Figure Al, the position of any element
of mass along the extended portion of the negator spring can

be written

x
"

X, * Nsinde)

-a - Acos(e)

y

The component velocities of any element of mass can
be found by differentiating the above positions with respect

to time.

)
1"

: kp + £ sin(e) + A 8 cos(8)

-f cos(e) + A & sin(@)

S’A
The kinetic energy of the extended portions of both

negator springs can be written as
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1
_ .2 . .2
T, = owt J (XA + yk) da
b
Uport substitution of the squares of the component
velocities into the above expression, the kinetic energy can
be written

1
2 2

T = puwt J (i§+ 32+ 22 42
b

; + 2% Asin(e)+2kpxécos(e))dx

It should be noted that A is a constant over the
integration which takes place at any instant of time. In
addition, A must be equal to 1 due to physical constraint.
Upon completing the integration and making the above-mentioned
substitution, the kinetic energy of the extended portion of
both negator springs can be expressed as follows:

2 2 . 62 3 3
T, = owt {[}2p + 1+ 2kpl sin(8)][1 - bl+ —5{1 - b1

+ kp écos(e)[l2 - bz]} .

Kinetic Energy of the Subject Mass

For the sake of simplicity, the mass ML will be assumed

concentrated at a point. The coordinates of this point are

+ 1 sin(8)
XP S

*L

y, = -a-1 cos(6)
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%= %+ 1 sin(e) + 1 & cos(s)

yL -1 cos(8) + 1 & sin(e)

The kinetic energy of the mass can be written

1 .2 .2
Ty, 7 g MG * )
Upon making the appropriate substitutions, the kinetic

energy of the subject mass is

_ .2 °2
T = ML(Xp +1

L

N

+ 1262 + 2%, 1 sin(e)
+ 2kp 16 cos(8))

Kinetic Energy of the Negator Spring Housing

The coordinates of the center of gravity of the negator

spring housing are
X, = X, + b 51n(6?
¥y, @ -a -b cos(8)

The velocities are

*n

% +b 6 cos(s)
D

%, = b 6 sin(e)

The kinetic energy of the housing can then be written
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22

Ly 0200252, . s 1
= 7-Mh(xp+b ) +2pr 8 cos(8))+ 7—1 8

Th heg

Using the parallel axis theorem, the moment of inertia

of the housing about the ball joint is

_ 2
The = Ihcg *M b
Substituting this equation into the expression for

kinetic energy yields the following:

1 .2 . . 1 .2
= E-Mh(xp + 2pr 8 cos(0))+ §-I 8

Ty he

Kinetic Energy of Both Negator Spring Spools

The coordinates of the center of gravity of the two-

spool combination are
x_ B8 x_+ b sin(e)
S P
yg = -a -b cos(8)

The corresponding velocities of this center of mass

are
%X =%_+ Db 6 cos()
s p
g, = b 6 sin(e)
The spools rotate with an angular velocity a . This

angular velocity is a function of both 1 and 1, and can be
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expressed as

&=Rl- R = /XL + b1)er?
™ S

where R 1is the varialbe radius of a coil. The expression
for R 1is derived in the next section.

Solving for the kinetic energy due to translation of
the center of mass plus that due to rotation about the center

of mass gives

12

t 2
[?F(L +b - l)+rS ]

_ 2 2
TS ﬁMS[xP+ 2pr 8 cos(e)]+ISee + IS o

Kinetic Energy of the Coiled Portions of Both Negator Springs

The coordinates of the center of mass of the coil are
X, -nxp + b sin(e)
y, B-a -b cos(6)

Tt should be noted that these coordinates are not a
function of the variable 1.

The velocities of the center of mass are

% +b 6 cos(p)
c b

Mo
I

b 6 sin(e)

s
1"

The kinetic energy of the coil can be expressed as
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- [ ] L 4 .2
T, = Mc(Xp + 2pr 8 cos(8))+ I.g® +Iac Eﬁ

The parameters Mé, Ice’ and Iac are functions of the

distance 1. It can be easily seen that the mass of one coil is

Mé = pwt (L+Db-1)

The radius of the coil can be found from the evaluation -

of the following integral.

R C

err:fg—ds
il

r (@]

S

Where C is the length of the coiled negator spring

and ds is an element of arc length:
C=L+b-1

Upon evaluation of the above integral, R is found.

Rz /E(+b-1)+r2
K S

The moment of inertia of one coil about its cylindrical

axis is

_ T b4
Iac = 3 pwlR "~ rs]

The moment of inertia of a coil about an axis perpendi-

cular to the axis of symmetry through the ball joint is

®-rd 2,
Toe =M L———*+ 7+ 27}
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Making the appropriate substitutions, the kinetic energy

of both coils is found.

T = pwt(L + b - 1)(%%+ 2% b & cos(8)
c p “Tp
t W2 2. .2
+pw‘t(L+b—l)[H(L+b —1)+—1—2—+b]e

[ 5L+ b - 1)+ 20°7 12
ki) S

+

%pwt(L+b—l) . >
[;r—(L+b—l)+r=S:l

Kinetic Energy of the Air Pad

The kinetic energy of the air pad can be simply expressed

by

Kinetic Energy of the System

The kinetic energy of the system is the summation of

the kinetic energies of the’ component masses:

T=Te+Tl+Th+TS+TC+Tp

Generalized Forces

Because of the negligible air drag assumption, the

generalized force due to a variation in Xy is
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Using the assumptions of negligible air drag and
friction in the ball joint, the generalized force due to the

variation of 6 is
Qg B ~g(My + M + M + M + M)ID sinCe) .

Where ch is the center of mass of the system suspended

below the ball joint.

) 2
. b(2MS+Mh)+1ML+2pwtbL+pwt(l ~ b)
cg M, +M +2M_+2M_+2M

Qe can now be expressed as

+2owtbl+ pwt(l - )21 sin(e)

Qe = —g[b(2M8+ML)+1ML

In calculating the generalized force due to a variation
in 1, the frictional torque in the bearings of one negator

spring spool is assumed to be of the form

The frictional torque contains a viscous friction term
and a coulomb friction term. It will be assumed that these
are independent of the load applied to the bearing because

the variation in the bearing load should be small.
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The frictional force due to this torgue can be written

f= %E- making the substitution @ = %-.

The frictional force due to the bearings in the spools is
1
1]

'JUI l_h"‘
~

1

f=-2(0 =+
m R2

The generalized force due to a variation in 1 is

Q = (A + Mg cos(@)-2D_ Ty + =— 1) F
R 1]
Substituting the expressions for M, and R into the

above equation, Ql is found in terms of the generalized co-

ordinates.

20 1 + == v A £ (LD’
Q=[2pwt(1-D)+M, Jg cos(8)- 1] .

L (Lb1)+ ©?
v S

Derivation of Dynamic Equations

Using the method of Lagrange, three dynamic equations
will be derived. There will be one equation for each gener-
alized coordinate or degree of freedom.

The first equation of motion for the system is

d, T 3T

—( —=—=) - — =0Q

dt 9% 9% P
P

3T _ -

x - 0T U
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Then aﬂ « 25y <o
T :
X

It is seen that the coordinate XP can be ignored from
the standpoint of. the dynamics of the system. Furthermore,

the above equation is immediately integrable and has the form

Since the quantity T is the momentum associated

%
b
with the coordinate kp » the previoug equation is a statement
of conservation of momentum in the xp direction.

Carrying out the required differentiation, this equation

becomes

(Mp+l"lh+2MS+2pth+ML)f{p+(Mh'*'QMS'*'ZthL)b 8 cos(o)
+ML(i sin(8)+1 & cos(8)+pwtl(1-b)2 6 cos(s)

+2(1-b)1 sin(8)] = const.
The second equation of motion for the system is

d aT oT
— (=) - === Q
dt 50 00 0

Performing the required differentiations yields:
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r2 2 o

v 2 3.3 2 + s W
oL -gpwt(l -b )+ML1 +Ihe+2Ise+th(L+b_l)(—Hn(]"+b_l)+——2 75D )]
. 2 t l”i W2 2
+ 01[2pwtl +2ML1 - 2pwt(—2?(L+b_1)+2__ t 15 +b%)]

+ ;P[pwt cos(e)(l2—b2)+ M1 cos(8)+ 2b cos(9)

1., 2
(3 Mh+MS+pwt(L+b—l))]+ g[b(2M8+ML)+].ML+2thbL+th(l—b) ]

sin(e) = 0

The third equation of motion for the system is

d

4 3T
at

51

ol _

( )—ST_Q]_

The evaluation of this equation yields:

218 + pwt(L+b-1) [ %)L+b—l)+2r§]

1 { 2owt(1-b)+M + a }
L %(L+b—l) + r'i

+

;;Ptzpwt 5in(8) (1-b)+14, sin(e)]

1 t 2
Isa+ §pwt(L+b—l)[ .;r-(L+b—l)+2rS]

t 22{ }
ol [ ;;—(L+b—l)+'r§]2
2
2 t w2 rs 2 2
+ 0" {pwtl 71?(L+b-1)+ 7t 5+ Db 1 - pwtl - MLl}

. . t 2
2D_i+ 1 sgn(i)/ L(up-1)4r”

2
s

[2pwt(l-b)+ML]g cos(9)-F- T
py (L+b-1) + p
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APPENDIX B - COMPUTER PROGRAMS

In this appendix.is a listing of three fortran computer
programs: JUMPl, DESIO, and JUMP2.

JUMPL is the name of the computer program that was
developed to solve the equations derived in section 3.2. The
inputs to the program are as follows:

mass of subject

length of negator coils
thickness of negator coils
width of negator coils
natural radius of curvature
of negator coils RNO
radius of drums that the

negator coils were wrapped on RIO
initial upward velocity of

subject X20

Zﬂgg

The output of the program is the height and acceleration of
the subject at selected time intervals. The corresponding
lunar height is also printed out.

DESIO is the name for the program that was developed
to use the equations derived in Section 4.2. The program
automatically chooses the optimum values of cone angle and
spoke number that will result in a minimum weight design. The
inputs are as follows:

width of negator coils W

length of negator coils %L

thickness of negator coils
natural radius of curvature

of negator coils RNO
minimum radius that negator

coils are wrapped on RTO
change in radius that is

desired DEIR
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density of material RHOS
Young's modulus of material M

Working stress SIGMA
buckling load factor (see
section 4.2) BETA

The output of the program is the cone angle and number of spokes
to be used plus all the dimensions such as spoke width, etc.
These symbols are defined in section 4.2.

JUMP2 used the equations that were derived in Appendix
A. The inputs are the same as JUMPl except that the thickness
of the negator coil is TT and the input velocities are YODOT
upward and XODOT sideways. UMP is the mass of the air pad.
The output of the program gives the position and acceleration
in both dimensions of the subject together with the correspond-

ing position for a lunar "jumper."

122



%Y

JumpPy

FORMAT ()

FORMAT(2X17HTOTAL COIL WEIGHT)
FORMAT(2XF12.3)

FORMAT(9X 4HTIME 11X AHHEIGHT 9X 12HLUNAK

FORMAT (4F15.3)

FORMAT(2X Z28HYOU HAVE GONE THRU THE FLOOR)

FORMAT(2X 37THTHE SPRING DIMENSLIONSe

IN IMCHES

FORMAT(8X 3HRNO 7X 3HRIi0 7X 1lHw 9X 1HT)

FORMAT{2X 4F10.3)

FORMAT (2X 44HTHE INITIAL VELOGITY UPWARD» IN FT./SEC.» IS)

FORMAT(12X F10.1)

J=y9

Y=(28.UE6) *144.0

UL=6.0
RHOZU.283%17280/32.2
REAND(Se1) (WeTrRNOPRIO)
WRITE(6913)

WR1TE(6014)

WRITE(6215) (RNOYRIOeWeT)
WRITE(6r2)
CWIZ2.0%0.283%UL*W*T/12.0
WRITE(6e3) (CWT)

WZW/12.0

T=7/12.0

RO=RI0/12.V

RNO=RNO/12.0

PI=3.141%9
RH1={007/U.283) *RHO
UISTW*RH1*PI*RO**x3/48 .0
UM=24,.0/32.2

6GZo2.2

WLERHO*W*T

H=U.001 .

ULL=UL+2.0

X 1=U

X20==7.0

X20==5.0

Z2==X20

WRITE(6r16)
WRITE(6,17)(2)

X2=X20

WRITE(6+10)

NO 100 N=1+100000

J=d+1

AX1=X1

aAX2=x2

F1=AX2
S1=RO**2+(T/PI)*(UL-AX1)
S2=2 D WL*RO**2* (UL=AX1)
SATWL*(T/PL) 2 ( (UL=AX1)x*2)
FZU0.8301%xUMXGH+HWL*AX1*G *2.0
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120

100
130

F2=((20%WL*AXT+UM) XG=F=AX2**2%k (WLH+0 S (T/PI) ¥ (2, 0%xUIS+52+53)/(S1 ¥
1%2) = (WL*RO*F¥ 24+ WL (T/PI) ¥ (UL=AX1) ) /511 )1/ ((2.0%UIS+S2+53)/51+2.0%WL*
2AX1+UM)

ACCEL=F2

E21=H*F2
Q11=H*F1

AX2=X2+0.5%Q21

AXL1=X1+0.5*%Q11

F1=AX2

S1=RO**2+ (T/PI) * (UL=-AX1)

S2=2 D*WL*RO**2% (UL—-AX1)

SATWL*(T/PI) x ( (UL=AX1)**2)

FSU8301*%UM*G+WLKAX1*G *2.U

F2S( (2. 0*%WL*AX1+UM) ¥G=F=AX2*%2%x (WLH+0 5% (T/PI)*(2.0%xU[S+52+53)/7(S51+*
1%2) = (WL*RO**2+WLx{T/PI1) *(UL=-AX1))/S1)) /(2. 0%UJIS+S2+S3)/S1+2. 04WL *
2AX1+UM)

Q12=H*F1

Q22=H*F2

AX1=X1+0.5%Q12

AX2=X240.5%Q22

F1=AX2

S1ZRO**2+(T/PI ) * {UL~AX1)

S252.0*WL*RO**2% (UL=-AX1)

S3IZWL*(T/P1)*x( (UL=AX1) **2)

FTU.B8301%UMXGHWLXAX1*G *2.0

F2o( (2 0%WLAAXL+UM) ¥G=F=AX2**2% (WL+0eS5*x (T/PI)*(2,0%xUIS+S2+53)/(S1*
1%2) = (WLARO**2+WL* (T/PI)* (UL=AX1))/S1))/((2.0%IS+S2+53)/51+2.0*WL*

2AX1+UM)

Q13=H*F1

Q23=H*F 2

AX1=X1+G13

AX2=X2+023

F1=AX2

S1=RO**2+(T/PI)*(UL-AX1)

S2=2. 0*WL *RO**2% (UL—-AX1)

S3ITWL*(T/PI)x ((UL=AX1)**2)

FZ0.8301%UMXGHWL*¥AX1%G *2.0

F2=( (2 0#WL*AXL+UM) ¥G=F~AX2¥ 2% {WL+0 5% (T/P1) #(2,0%UIS+S52+53) / (S1*
1#2) = (WL*RO*¥2+ WL (T/PI ) *(UL=-AX1))/S51) )/ ((2.0%UIS+S2+S3) /5142 0xWL*

2AX1+UM)

Q14=H*F 1

O24=H*F2
Q1=(1.0/6.0)%{011+2.0%0124+2.0*313+Q14)
02=(110/600)*(921+200*Q22+200*023+924)
IF(U«NE.100) GO TO 120

J=0
TIME=(N=1)*H
HE=UL=X1

ULUHE==-X20*TIME=0+5%5.47*T IME*%2
WRITE(6r11) (TIMErHE»ULUHE » ACCEL)
IF(X1.6T.ULL) 6O TO 130

X1=X1+G01

X2=X2+02

WRITE(6012)
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LT NF LGN~

16

NESTO

NIMENSION Y(8021)

FORMAT( )

FORMAT (40X 6HSPOKES) .

FORMAT (2X6HANGLESSX 1H39X1HU9X1HS59X1HE9X 1HTYX LHBIX 1HI9X2H10)
FORMAT(4X [2+ 8F10+2)

FORMAT (3X 22HFORCE TO WEIGHT RATIOS)

FORMAT (2X32HOPTIMUM FORCE TO WEIGHT RATIO IS)
FORMAT(15X F10.2)

FORMAT (2X 16HNUMBER OF SPOKES 2X SHANGLE)

FORMAT(8X 2110)

FORMAT (2X Z1HPARAMETERS VALUES ARE)

FORMAT (BX1HHOX1HBIX LHMIX1HQ)

FORMAT(2X 4F10.3)

EORMAT (2X9HMAX _FORCE 10X YHMIN FORCE10X11HCOIL WEIGHT)
FORMAT(5X 3F15.4)

FORMAT (BXIHWOXIHTIXIHRNO7XIHRIO7TX4HDELROX2HULBX4HRHOS6 X 2 HE M X

15HSIGMASXUHBFTA)

FORMAT(2X 10E10.5)

READ(S21) (WeTeRNOPRIO»DELRIUL ' RHOSPEMe SIGMAPBETA)
WRITE(6s15)

WRITE(6916) {Ws TrRNO'RIOPDELR UL s RHOSPEMr SIGMARETA)
RHU=0.283

E=2AR.0E6

PI=3.14159

R=RTO+DELR

UI=wxT*%3/12.0

FMAXZE*UI*(1.0/(RIO*%2)=2.0/ (RNO*RIO))*(=1.0)
FMINZE*UI*(1.0/(R¥*2)=2.U/ (RNO*R) )% (~1.0)
Fo(F*WxT**3/48¢0)*(2.0/ (R*RNO)=1.0/(R*%2))
SF(E*UI*UL/ (4 0¥PI*R%%3) ) *{1,U0/RNO=1,0/R)

NO 100 N=1r21

A=N

ALPHAZ=24.0+A

ALPHAZALPHA/ST7 +29578

TANA=TAN(ALPHA)

H=OELR*TANA

DO 90 M=1.8

C=M

UN=2.0+C

SL=2,0*%P1*R/UN

HE= (3. 0% (SF*SL+F) )/ (SToMa* ( { TANA Y %x%2))
RHZ2Z0« 0*XR* (SF*SL+F )/ (SIGMA*TANA )

HB3=3 . 0%xUL** 2% {SF*SL+F )/ (PI*¥2 %Rk TA*EM)

HMZ2Z (SEXSL+FE) *SL/SIGMA

UM=SORT (HM2/H)

R1IZRH2/ (H**2)

R2=CHRT (HB3/H}

R=AMAX1(R1/B2)

Q=HE/B

WT=RHOS*UN*BxH* {RTO+DELR/2.0) ¥4, U

1+ ( {RHOS*UM*PT*H/ ((SIN(ALPHA) ) TANA) )% (2. 0*%R*TANA=H) ) x4« 0
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CWT=2 4 UXRHO*W*T*YL
FWTSFMAX/ (WT+CWT)
90 Y(MsN)ZFWT
100 CONTINUE
WRITE(6¢5)
WRITE(6:2)
WRITE(6+3)
D0.110 L=1r21
LL=L+ 24
110 WRITE(6r4) (LLy (Y(NrL) e N=10,8))
X=1.0
K=1
KK=1
NO_130 I=1+:8
NO 120 J=1r21
IF(X.G6T.Y{(IrJ)) GO TO 120
X=Y{(IeJ)
K=1
KK=J
120 CONTINUE
130 CONTINUE
A=KK
C=K
KKWaKK+24
KW=K+2
ALPHAZ 1 24,05 A )/57.29578
UN=2.,0+C
TANA=TAN(ALPHA)
HZDELR*TANA
QL=2.0*PI*R/UN
RE=(3.0%(SFXSL+F) )} /{STIGMA*( (TANA ) x%2))
AH2=6 .+ 0%R* (SF*SL+F ) / (SIGMA*XTANA )
HR3=3, 0%UL**2% (SFXSL+F )/ (PIx*2*xBETA*EM)
HM2= (SEXSL+F )} *SL/SIGMA
UM=SQRT (HM2/KH)
H1=BH2/ (H**2)
R2=CHRT (HB3/H)
B=AMAX1(B1.B2)
Q=86/8B
WI=RHOS*UN*BxH*{RIO+DELR/2:0) *4 .0
1+ ( (RHOS*UM*PT*H/ ( (SIN(ALPHA) ) *TANA) ) x (2 s U%R*TANA=H) ) %40
CWI=2 0 DXRHO*WXx T *xL
FWTSFMAX/ (WT+CWT)
WRETE(626)
WRITE(6¢7) (FWT)'
WRITE(6:8)
WRITE(6+9) (KwoKKW)
WRITE(6010)
WRITE(6r11)
WRITE(6012) (HeBrUMrQ)
WRITE(60,13)
WRITE(6014) (FMAX FMINsCWT)
END
N X0T DESIO
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LST
FOR RAT

SUBROUTINE RATUAYrTrFoZePLlrP5eP8)

DIMENSION AY(6)»T(0)

COMMONZDAD/UlL.s. Be TP RSe wWLoe UMH» UMSe. UMLes Ge WLZ2r ULHO»

1UIS0r TTePle P2e P32 ULSAr DMy TFe Pbs P70r FS »RNOPA
7=ARS(AY(6))

PLIUL+B=-AY (5)

P3=COS(AY(5))

P4=SIN(AY(3))

POESTP*PI+RS**2

P6SWL *UL

PTZUMH*2 s 0*xUMSH2, %P6

PRETP*P1+2: DxRS* %2

PI=AY (5) =H

FZU8301%UMLAG+WL2¥GrAY (S)

F1=S(240/73.0) WL (AY(5) %%3=H4%3) +UMLAUL*x*2+UTHO+2,0*xUIS0O

FRoWL2*AY (5) # ¥ 242 . URUML*AY (H)=wL 2% ((TT/ (2. u*xPI) ) «PLl+pP2)

FAZWL*P3*x (AY (S) d42=H2 %2 ) +UML*AY (5) %P 342 s U3 *P 3% (o« S*UMHUMS +WL 4P 1)
FUSGHRPUX (B (2, 0#MSHUML ) +AY (5) kUMLHAWL2+BHUL+WL*PO*%2)
FOSP7*H*P3+UML*AY (D) 2P SHWL ¥P3*P 9% %2

F7SUMLAPU+WL2*P4 %P9

FASWL2*P9+UM| + (2, 0%UL1SA+WL*PL*H8) /P5

FOSWL2*PL4*PO+UML *P4

FLUSTP* (UISA+0+HAWL*P 1 2PH) /7 (PS%%2)

FLI=WLA (0 H*TP*P1+P2) ~WL*AY (5) % 2=UML*AY (5)

F12Z(WL2%PY+HUML) *G*P3=F= (2. 0k (UM*AY (D) + (TF*AY (6} /Z2) *¥SORT (PS) ) ) /PS
FOL=-P7*B*PYxAY (4) +UML* (AY(6) *P3=-AY (5H) xPL*AY (4) ) +WL*

1 (=POx*2*Pu*xAY (4)+P3%2 ,0*AY (6) *P9)
FTUZUMLRP3%AY (4) +WL2%x (PO 3%AY (4) +PURAY (B) )
NSF1*F5*F8~F 1 *F 7%FY=F3%FH*F8
P1l=F6D*AY(4)+FTD*AY ()

P12=F12=-AY (4 ) *x#2%xF 11=AY (6) *%2%F 10

P13=Fu+aY(4) xAY (&) *F2

T(L)=AY(2)

T(2)=(=F1*F8%P11-F1*F7#P12+Fo*F&*%P13) /D

T(I)=AY (4)

T4)=(=F5*FBAP13+F3*F 74P 12+F 7xFY*P13+F 3%FR*%PLL) /1)

T(5)=AY (&)

TlO)S(F1#F5*P12~FO*F9*P13+F 1 *F9¥P11~F 5%Fo¥P12) /D

RE TURN

FNU
FOR JUMP2
COMMON/DAD/Ut.e Be TP RSe WlLe UMHy UMSe UMLe Gr» wbZe ULHOf
LUISOr TTePlLe P2 P3r UISAr DMe TFe Por P7e Fo sRiu0r A
NIMENSION Q{ar4) »T(B) ) R(BI 1 YP(BeS)r AY(6)rY(005)2S(695)sUl0) »YiN(6)
FORMAT( )
FORMAT(2X U47HTHE SPRING AND SPOOL DIMENMSIONSes IN INCHES: ARE)
FORMAT(8X 2HRS 8X 1HW 9X 1HT 9X 3HRNO)
FORMAT (2X 4F10.3) )
10 FORMAT(5X 4HTIME 5X 1HX 8X 3HXLU &6X 1HY 8X 3HYLY 6X oHVACCEL

1uX BHXVEL SX SHANGLE 4X7HPAD PUS 2XSHXPHDUT 44X 4HyFORSX 8HPADACCEL)

11 FORMAT(12F9,.3)

(& ST
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12
13
14

1o
17
18
19
20

FORMAT(2X 22HYUU HAVE HIT THE FLUOK)
FORMAT (2X 26HTHE INITTAL CONDITIONS ARc )
FORMAT(2X 19HHORIZONTAL VELOCITY bBX 17HVERTICAL VELOCITY)
FORMAT (10X FHeSrF1243)

FORMAT (111X 10HITERATIUNS)

FORMAT (115X 12)

FORMAT(2X 29HOVERHEAN MASSESe 1IN LBSe AKE)
FORMAT(2X JHPAD 7X 7THHOUSING 3X 11HBOTH SPOOLS 3X S5HTOTAL)
FORMAT (2x 4F10.2)

I=0

TF=0.0.

DM=0.0

READ (5 1) (UMPr TToRNO»W,R10)

UMP=UMP/ 322

RIV1IZRIO

Wil=w

TTI=TT

RNO1=RNO

TT=Ti/12.0

WZw/12.0

RS=RI0/12.0

RNOZRNO/12.0

UML=24.0/32.2

SMALL=1.0E-8

G=32.2

PI=3.14159

UL=6.0

RHUZU «283%1728.0/32.2

RHO=(1.0/78.0) *RHOQ

R=14.5%RS

RH1=(0e07/0.283) *RHO

WL=RHO*WxTT

uLL=uUL+B

WL2=2.0%WL

TP=TT/P1

UMSZRH1*PI+#RS*W/ 480

LMS=0.017 522

UMHZRH1*RS/288+0
UMHZ=0.,01/32.2
UTSAZUMS*RS* %2
UIHO=UMH*R5**2
UISOZUMS*RS* %2
UMS2Z64 « 4%UMS

UMP1ZUMP %32 .2

LUIMHIZUMH*32.2
TOTALZUMPLl+UMHL+UMS2
PRoRS**2/2. 0+W**x2/12. 0+B*%2
P6=WL*UL
P7SUMH+2 « 0%UMSH+2 . U*P6
FSTUMPHUMH+2 « 0*xUMS+HWIL 2 ¥*UL. +UML
Y= (28B.0E0)*2.0%144.0
AZY*WETT*%3/26.4

YODOT=5.0
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99
999
A4

78

R9

79

40

a0

91
Q2

93
100

XODOT=5.1

Y{Le1)=0.0

Y(2¢1)=X0DOT

Y(2,1)=0.0

Y(5¢1)=0.0

Y(5r1)=UL

Yo )=(IXODOT=Y (291) ) %COS(Y (391 ) +YODOTHSINIY(3,1)))/7Y(S5,1)
Y(601)=(XODOT=Y {2, 1) ) %SINIY.(3,1) )=YODOT*COStY(3r1]))
WRITE(603)

WRITE(624)

WRITE(6eh) (RIOLsW1leTTLeRNU1)
WRITE(6:18)

WRITE(6¢19)

WRITE(6020) UMPLsUMHL yUMS2¢ TOTAL )
WRITE(6,13)

WRITE(6214)

WRITE(6+15) (XODOT+YODOT)
WRITE(6010)

WR1TE(6r16)

NO 100 N=1+3

MZN+1

IF(N.NE.+1) 60O TO 9Y

TIMF=(N=1)*H

X=X (1ol 4+Y (5, 1) %xSIN(Y(301))
XLU=Y(1,1)
VIUL=Y(Se1)*xCOS(Y(3r1))

YLU=0.0

XVELZY(292)4Y (301} %Y (52 1)%kCOS(Y(321))+Y{0rl) xSIN(Y(S3+1))
WRITE(6e11) (TIMEeXrXI.UrVeYLU»VACCEL ¢ XVEL)
20 999 K=1ir6

AY(K)=Y(KsN)

CALL RAT(AYsTeFeZrPLlePSri8)

PO RB K=1r6

QIKe1)=H*T(K)

N0 78 K=1ro
AY(K)ZY (KNI +05%@ (K1)

CALL RAT(AY e TeFsZPliPSHePR)

NO 89 k=1r6

QIKe2)=H*T(K)

N0 79 k=1rb
AY(K)ZY(KIN)+0De5%x@{Kr2)

CALL RAT(AY»TrFrZrP1lyPbePR)

NO 90 K=1rb6

QIKr3)=H*T(K)

DO RO K=1rb6

AY(K)SY (K NI+Q (K 3)

CALL RAT(AYeTrFsZrP1,P5rpP8)

NO 91 K=1r

QIKed ) =HXT (K)

NO 92 K=1rb6
RIKIZ(1.0/6e0) % (0 Kr1)+2.0%Q(Ke2)+2,0%x0 (Ko 3)+Q(K,4))
DO 93 K=1rb

Y(KeMIZSY(KINY+R(K)

CONT INUE
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Al

uy

R2

ub

R

uo
u7

101
Ay

K5

34

Rb

a5

22

25

o4

1n2
25

J=35

NO 110 N=4,20000

1=0

J=Jd+1

NO K1 K=1eb

AY(K)=Y(Ke2)

CALL RAT(AY »TeF eZrFP1ePHePR)
NO 44 K=1eb

YPIKe2)=T(K)

10 B2 K=1v6

AY(K)ZY (K¢ 3)

CALL RAT(AY»TrFeZ22PLlePorpPH)
NO 45 Kk=1e6

YPIK»3)=T(K)

NO R3 K=1+6

AYLK)IZY (Ko t4)

CALL RAT(AY»TeFezZePliPoepH)
NO 46 K=Z1leb

YP(Kol4)=T(R)

NO 47 K=1e

YIKeS)IZY(Kr 1)+ (4 0%H/30) % (2. 0%YP(Ke2)=YP(Ke3)+2.0%YP(Krk4))
NO B4 K=1,6

AY(K)ZY(K+3)

CALL RAT(AY»TeFeZePlePhHep8)
NO 33 K=1r06

S(Ke3)=T(K)

N0 85 K=1sb

AY(K)=Y(Kou)

CALL RAT(AY e TeFeZrPlePHer8)
VACCEL=(Y (4rg) %x2%Y (5,4 =T(H) ) 2COSIY(3e4) )+ (2. 0%Y (4r4) xY(6e4)+T(Y)

1xY(594) ) %SINCY(35,4))

XPUNZT(2)
VFORCE=G* (UMPHUMH+*2 « 0X¥UMSHWLZ2*P1) +F+2, 0% (DM*AY (6) /PH+(AYL6)/2)

1x{TF/Z(SARTI(PH) ) ) }=2. 0wl xAY (&) *¥x2+ (WL *P 1 *¥PR+2. 0 4UISA) /PS) *T (6}
2+ ((WL*P1%xP8+2 . UXULISA) /7 (PH* %2} )+ (TT*AY(6) *%2/ (2. 0%xP1))

DO 34 K=1+0

S{K»4)=T(K)

N0 Ro K=1s0b

AY(K)IZY(KeH)

CALL RAT(AYrT2FrZ2rP1,P5sp8)
NO 35 K=1s6

S(KeS)I=T(K)

NO 22 K=1r0

YNCKIZSY (Ko B3I+ (H/3e0) % (S ke 3)+4 . 0%S(Krl) +5(Ken) )
NO 23 K=1r0

UIA) SABS{YNIK ) =Y (Ke5))

NO 24 K=1rs6

IFCUK) «GTeSMALL) 6O TU 102
CONT INUE

GO To 103

NO 25 K=1rb

Y(KeS)IZYNIK)

I=1+})

GO TO 101
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1n3 NO 2?6 K=1leo
NO 27 L=1+¢5
ILL=t+1
27 Y{KeL)ZY(KrLL)
26 CONTINUE
NO 24 K=1+6
28 Y{Kot)=YNIK)
IF(JeNELS0) 0 TU 104
J=0
TIME=N*H
XY (1) +Y(S,u)*SIN(Y(S5e0))
XLUZX0DOT*TIME
YLUSYODOT*TIME=0 55,474 TIME**2
VZUL=Y{5r4) %COS5(Y(3st))
XVELZY (4o4) 2Y (S5e) *COSIY (B304 ) +Y (S L) 4SINIY(Seu4))+Y(204)
WRITE(6r11) (CTIME s Xo XLUP Vo YLUPVACCEL e XVEL Y (3r8) ey (Lleg)eY(20U)
1VFORCE » XPDD)
wrRITE(6,17)(1)
104 IF (Y(5el4)GT.ULL) GO TO 120
110 CONTINUE
120 wRITE(RI12)
ENU
N XOT Jump2
0.481001610.685r12570.82
FIN
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