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ABSTRACT 

The  design of a vertical  lunar  gravity  simulator is 

presented.  The  simulation  technique  involves  negating  the 

various limb 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 

coils  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  also  presented. A n  analysis  to 

determine  the comect attachment  points for negating  the limbs 

and  torso  is  presented.  It  is  recornended  that  negator  Coils Of 

the  lowest  rated  fatigue  life  be  used  as  constant-force, low- 
deflection  spring  elements. 
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IXTRODUCTION 

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 w i l l  havelto  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  environment.  Kinematic  and  physiological  data 

can then  be  collected  from  test  subjects  performing  the 

required  lunar  tasks in a simulated  lunar  environment.  Conclu- 

sions  can  be drawn as  to  how  the  lunar  gravity  and  spacesuit 

restrictions w i l l  affect  the  explorer's  performance. 
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1.2 TvDes  Of  Simulators 

Several  types of lunar  gravity  simulators  have  been 

constructed  and  many  others  proposed.  'Langley  Research 

Center  has  developed a cable  suspension,  inclined  plane  simu- 

latorC7'that  has  been  used  extensively in research  programs, 

(see, for example,  reference  [111>.  In  this  simulator  the 

test  subject  is  held  by  cables  inclined so that  he forms 

an  angle of approximately 9 . 5 O  with  the floor. (see  Figure 

1.1). The  test  subject  has 3 degrees of freedom: 1) walking 

straight  ahead, 2) jmping 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 

simulate a zem-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  C71,  Figure 5, page 11-91. 

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 

2 



Figure  1.1 
Sketch of Inclined-Plane  Simulator 
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subject. This can  be a t  least par t ly   jus t i f ied  because a 

lunar explorer w i l l  be burdened with a great deal of additional 

mass in the form of a spacesuit and l i fe  support equipment. 

However, during  biomedical  testing, it becomes necessary t o  

add st i l l  more mass in the form of medical  data  gathering 

equipment; and the to t a l   r e su l t an t  mass may be more than  the 

lunar  explorer w i l l  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 st i l l  allow f o r  

true  simulation when the subject  pivots  about h i s  center  of 

mass. However, about 30-35% of the body mass is i n  the limbs 

and th i s  fact should not be neglected. The t o t a l  body center 

of mass can  very  appreciably  during normal mov&ents  ,c131but 

it is felt  that   the  centers of mass of the  individual body 

segments w i l l  not  exhibit   this same variation.  Therefore, i f  

the body segments are negated  separately,  better  simulation 

should result   over a wider  range  of normal body  movements. 
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1.3 General  Description ~~ ~ Of Case  Simulator 

The  Initial  design  work  on  the  Case lunar gravity 

simulator  was  based  on  the  following  observations: 

1) S i x  degrees  of  freedom in a simulator  would  be 

desirable  since  even  the  simplest  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  svbject  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 freedan.  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 
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ccanpnents  separately in an effort  to  achieve  better 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  method  whould  have 

to  be  found  for  achieving  this  objective. 

The  concept  that  eventually  evolved  is  shown  in  Figure 

1.3. The  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. D o l  

The  harness  design  for  the  Case  simulator  was  done  by  the 

Industrial  Design  Deparbent  of  the  Cleveland  Institute  of  Art 

mrking with  Case  Institute of Technology. 
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Figure 1 . 3  - - "L-C Brace'' Torso Suspension 
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DESIGN 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.  Figure 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. 

9 



Figure 2 . 1  

Negator  Simple  Extension Coil 

2 -F 

Figure 2.2 

Two Negator  Coils  Mounted Back-To-Back 

10 



2.1 Force 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. C181 

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 Hmke's Law (assuming 

a = o  
Y 

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 = o  
Z (2.3) 

and,  consequently f r o m  Equation 2, 

11 



Figure 2 . 3  - - Sketch Of 
Length Of Negator  Material 
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and 1 2 
x E ‘x - ’ Ox’ E = - c  

2 
E X = (+UX 

The  relation  between  the  resultant  radius of curvatme and 

E is: X 

E = y/R X 

The  end  conditions  require  that: 

Ewt3 M -  n 

since I = w t  /12 3 

M =  E1 
(1-p )R 2 

(2.7) 

(2.10) 

(2.11) 

However,  this  equation, (2.111, does  not  apply  to  the  negator 

coil  because,  although  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 

uz = 0 (2.12) 

13 



and 

1 
x E x  E = - 0  (2 .14)  

The equations  analogous t o  equations 2.8-2.11 are then as 

follows : 

+y/2 

-y/ 2 

M. = 1 oxwydy 

" =  EL x R  

E1 
R M = -  (2.15) 

This is the moment-curvature relation,  obtained  using elementary 

beam theory. 

The negator  coil  has an in i t i a l   r ad ius  of curvature, Rn. 

If we apply a moment M: 

14 



M = EI( - -  1 1  F) . (2.16) 
Rn 

To determine the energy  stored i n  a length of coil L ; 

consider  the following sketch: 

The energy, f , is : 

0 

E = - J Md0 

0n 
e = -  d0 = - &  -L 

R R2 

R 
E = + 1 E I ( r  - a) --* dR . 1 1 L  

n R 
Rn 

Integrating  this  relation, we obtain: 

(2.17) 

Now consider the following  sketch: 

15 
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The energy  of  each coil in state (1) is 

1 +"- 2 1 .  
Rl? RnR 

The energy when pulled straight, (21, is 

EIL 1 2 E -(-) 2 2 R- 

2 1  
RnR 2' F = EIC- - (2.19) 

TO find F as a function of L we must f ind R as a function 

of L. 

16 



L Length of c o i l  
t = Thichess  

We can write 

So the  force  equation becomes: 

F = -  Ewt3 2 1 
2 t  1 2  2 t  

- 3 .  
RnCRio+"$L-l)I Ria+$ L-1) 

( 2 . 2 0 )  

VottaC18 'indicated  that  the  natural  radius  of  curvature, Rn , 
undergoes a change during  heat  treabnent  according to   t he  follow- 

ing  relation 

Substi tuting  this  into Equation ( 2 . 2 0 )  we obtain 

(2.22) 

17 



Because of  the  fact  that Rn is  increased in the  outer coils 

during  heat treahent, the  negator  unit has a different  force 

versus  extension  characteristic  when  backwound.  It  is 

necessary  to  substitute 1 = for L-1 in the first term in 

brackets  in  Equation (2.22) 

I 1 (2.23) 

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 

aF 
aR * 

2 1  F =E1 [-- - 1.  . 
RnR R~ 

Differentiating  with  respect  to R 

aF - -2 2 
aR 
” EIC-* t 

RnR 

(2.24) 

(2.25) 

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

the  substitutions; 

18 



Rn,R = ¶ 

I = -  w t 3  
12 

(2.26) 

(2.27) 

we  have 

and  using - = Sf t 
Rn 

- - S r (r-1) . aF Ew 3 2 
aR 6 f 

(2.28) 

(2 .29)  

We  now  have a simple  approximate  formula  for - aF 
aR 

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 

.*. 

.?. 
d. 

The  negator  coil numbers refer  to a code  used by the 
Hunter Spring Company;  Hatfield,  Pa. 
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Figure 2 . 4  - - Force  Characterist ics 
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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  wh5ch  the  force  derivation  is  based 

assmed 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 dnrms. 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 

force  labeled  "exact  theory. I'  Votta "*' has  derived a theoretical 
force  for  negator  coils  which  is  approximately 10% less  that  the 

represented  by  equation 2.19: 

2 F = EIC - -  - l 1  
RnR R~ 

The  force  expression  Votta  derived  is  given  by : 

and  since 1-r = 0.3; l-,,' = 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 w i t h  a force  specification  of 210%. The  force  is a 
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strong function of thickmess (t 1 so a small variation in thickness 

could  result in large  variations in force. 

3 

At  any  rate  equation 2.19 can  be  used  for  design  purpose 

if  one  recognized  the  fact  that  actual  force  will p r o ~ l y  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  skctch 
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I 

The coil on drm (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 

curvature on drum ( 2 ) .  TO get a force  output a 3rd 

could  be  attached  to drum (21, and  an  output  cable wound 

on  the 3rd drum. 

The  energy A5 , of a short  length of coil , A 1  , on 
drum (1) can  be  expressed as 

(2 .32)  

The  corresponding  energy , A C 2 ,  of a short  length of coil 

A 1  . Wrapped  on drum ( 2 )  can  be  written: 

A €  - 2 n 
(2 .33)  

The  change in energy, A E  , as a short  length of coil A 1  

passes f r o m  drum (1) to drum ( 2 )  is 

This change in energy  can  also  be  written  as: 

A f  = TAO R2 A 1  

Letting A + d 

(2 .36)  

(2.37) 
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%2L["-+-(-+-)] 1 1 2 1 1  
d l  2 R$ R: Rn R2 R1 

and using (2.37) 

T=- 
2 

Votta  derived a similar expression; C181 

E1R2 1 - + 4-12 
Rn R2 

T = -  
2 (2.40) 

by assuming tha t  Rn R1. It can  be  seen tha t  Equation 

(2 .39)  w i l l  reduce t o  (2 .40 )  i f  R1 Rn. So t ha t  R2 can be 

r e l a t ed   t o  R1, it is  necessary to   f ind  d as a function of 

We have: 

1 
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We can see inmediately  that 

d t (R1 + R2) = q . 2 2 2  (2.41) 

Also, if we  denote  the  length  of  coil  wrapped d r m  (2) by 1 

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

R2 CR;O t 

R1 = [R:o t 

The  resulting  equations 

replaced  by a constant 

t 1 p 2  (2.42) 
Tr 

3 L-1-d 1 1 

will  be  greatly  simplified  if d is 

1/ 2 (2.43) 

dC 
. Let: 

2 2 1/2 dc Cq - (Rlo + R20> I (2.44) 

Now  the  Torque  equation  (2.39)  can  be  used if (2.421, (2.431, 

and  (2.44)  are  substituted for R2, R1, and  d. 

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 (11, and so the  computer 

program  was  written  to  allow  for  this. 

Computer runs were  made  for anmber 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 
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to have the  torque  constant. It can be seen  that as more 

take-up dmrms are  added  to  increase torque the  torque  versus 

turns  characteristic  departs  further f r o m  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 mre 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 mst impartant  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; 

0 
- E  t 
" - 

max 2 Rn 

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 maxjmum force  available f r o m  a negator  coil  is  given 

bY 

E a 3  
2 4R: Fmax 

- 
" 

and the  weight  of  the  coil  is  given  by 

weight = pwwtL 

(2.45) 

(2.46) 

The  weight/force  ratio  is 
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24~wL Rn >2 
E ( 7  weight/F- = - 

- K 
" 

s: 
(2.47) 

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 Sf as  large  as  possible. 

But a large  stress  factor  means a low  fatigue  life.  Since 

, if  we  chose a length, L, K will  be a function 
24P& K=-- E 

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 2s 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 

- ;E. This Equation ( 2.25 1 has  already  been  derived: 

x- aF - 2EI [ T - -  1 l l  
R R,R~ 

(2.25) 
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Substituting: 

I = w t  /12  3 

and 

r Rn/R 

we can write 

but t / R n  = Sf . 

so 

It can be seen tha t  aF /aR  is a function  of  the stress factor  

cubed. A large  value  of a F / a R  i s  desired  for good adjust- 

abil i ty;   therefore,  a large  value of the stress factor  is 

needed. But a large stress factor  means low fatigue l i fe  and 

a design  trade-off between the two is indicated. Furthermore, 

it can  be seen tha t  aF /aR  is a function of r , namely 

r (r-1). This function is  plotted i n  Figure 2 . 1 1 .  2 

The curve has a maximum at a value  of r = 2 / 3  . This is 

an indicat ion  that   for  maximum adjustabil i ty:  r - Rn 
R should 

be centered  about  the  value 2/3. 
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A study  of  the  weight-to-force r a t io s  and adjustabi l i ty  

of negator coi ls   indicates   that   coi ls  of the lowest rated  fatigue- 

l i fe  should  be  used.  Limited tests of  the  fatigue l i fe  of  negator 

coi ls   indicated  that   the   coi ls  w i l l  last somewhat longer  than 

the i r   ra ted   fa t igue   l i fe ;  and, more importantly,  their  force 

characterist ics do not change with l i fe .  Furthermore,  should a 

c o i l  break  while i n  use, it does not pose a safety hazard i f  the 

negator co i l s  are always mounted back-to-back. The remaining 

co i l  w i l l  confine  the  fractured  coil 's   recoil  keeping it w e l l  

above the test  subject. It is therefore recommended that  negator 

co i l s  of the lowest  rated  fatigue l i fe  be used w i t h  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  behaviop  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. 
1- moment of Inertia of 

S 

P 

w 

t 

the  spool 

= mass density of negators 

width of coils 

= thiclaess of coils 

R = Radius of spools 

L length of coil 
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Assume that the  radius,  R ,  upon  which the   co i l s  are wrapped 

is constant and fur ther  assume that  the  force  output  of  the 

negator unit i s  such that   perfect  static simulation is achieved: 

Writing f = ma for   the  system: 

( M  + 2 p ~ t ~ ) g  - F = ( M  + -- + 2 p ~ t ~ ) a  I 
R2 

where 

I 21s + 2pwt(L-x)R . 2 

Solving for  the  acceleration, 

a =  ( M + ~ P w ~ x ) ~  - F 

M + -  21s + 2 p w t L  
R2 

(3 .4 )  

Now using (3.1) ; 

1 M 
6 a -gc  1 ( 3 . 5 )  

M + -  *Is + 2pwtL 
R2 

We can see immediately that   perfect  static and  dynamic  simu- 

la t ion is  impossible due t o   t h e   i n e r t i a  of the system repre- 

sented by 21s/R2 and 2pwtL. 

': 
For t h i s  simple  analysis, Lunar  gravity w i l l  be assumed equal 
t o  g, which is very  close  to  the  true  value. 1 
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F’mm Equation (3.51, 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 21s F = -Mg t 2 p ~ t ~ g  - “M g - -- 6 6 n 6 R 2  g (3.6) 

where M = 2 p w t L  n 
then  the  acceleration  will  be: 

1 MtM, + 21s/R2 1 a = $C 1 = 3  . ( 3 . 7 )  

MtM, + 21s/R2 

This results in perfect  dynamic  simulation,  but  now  the  static 

force will be  off by an amount 

7 21 
OF 

Therefore, for 

keep  the  ratio 

(3 .8)  

good  simualtion,  it  would  be  advantageous  to 

AF/F as small as  possible. 
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3.2 One-Dimensional Simulator Dynamics 
" ~ " I  ~ ~. ~ 

In   th i s   sec t ion  a more accurate mathematical model w i l l  

be formulated t o  describe  the dynamic behavior  of  the simu- 

la tor .  The analysis w i l l  be l imited  to  a consideration of the  

motion for a jump s t ra ight  up. The system t o  be considered 

is shown in the  following  sketch: 

The  method of Lagrange w i l l  be used t o  analyze  the 

above system: We can write the  kinet ic  energy  of the spools 

as : 

Ts = Iw 
1 2  

where 
I 21 + 21c 

S 

(3.9) 

(3.10) 

I moment of inertia of one spool 
S 
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IC = moment of  inertia  of  the  coiled  portion of 
the  negator  coil.  

I C =  Irdm 2 r = (Ro + - 2 t 1 ) 1 / 2  
Tr 

L-x n 

(Ro 2 + r) tl pwtdl pwtRo(L-x) 2 + e (L-x) 2 z 
IC = 

0 

and since w = k / r ,  we have: 

(3.11) 

The kinet ic  energy of the extended portion of the  negator  coils 

can be written: 

T = p w I x k  . 2 
n (3.13) 

The kinet ic  energy of the mass is: T -MA . (3 .14)  1 2  
m 2  

The generalized  force Q, can be written: 

Q, (2~wtx.tM)g-F . (3.15) 

The to t a l   k ine t i c  energy of the system is: 
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Lagranges equation is: 

Differentiating (3.16) with respect t o  2: 

+ 2p& + 

(3.17) 

(3.18) 

(3.19) 

43 



Substituting (3.151,  (3.191, and (3.20) into (3.17) and 

collecting  terms  we  obtain: 

2 [ (  21s + S2 + S3)/S1 + 2pwtx + MI 

+ k2[pwt + 321s + S2 + S3)/S,-(pwtR~+~L-~))/S11 2 2 pwt2  
IT 

where 2 t  S1 R + -(L-x)  (3.22a) 
0 

'2 2pwtRo(L-x) 2 

2 
s (&)(L-X) 2 
3 IT 

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 

4th  order  numerical  integration  technique. [l2'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 jmp 

compared  to a true  lunar  jump  with  the  same  initial  conditions. 

The  vertical  acceleration  is  also  included  on  the same plot. 

?"nettsimulator  trajectory"  is  very  close  to  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. 

46 



3.0- 

2.5. 

2.0. 

1.5- 

1.0' 

0.5- 

Height (ft . ) 

1 - Lunar Jump 
2 - 2500 Cycle Negators 
3 - 5000 ' ' '  I 1  

4 - 10,000 I 1  

5 - 100,000 'I 11 

\ 
I 

Time (sec.  ) 

47 



3 . 3  Tho-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  lappendix 4. The  analysis of this 

model  was  completed (by Millett)  in  an  earlier  report.  ‘*’and 

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  Milnec121was  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. A n  indication of this  can 

be  seen  by  observing  the  time  trajectories  as  shown in 

Figure  3.2. 

The  effect of bcreasing  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.  In 

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 Desim Techniaues 

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. 

4.1.1 Width  alteration 

One  method  of  producing a constant  force  negator  spring 

unit  involves  altering  the  width  of  the  negator  spring  coil. C31 

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: 

F = F(w,x) 
x extension 
w = width 

The  form  of  this  equation is laown and  can  be  written: 

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) - f2(x) = constant = Fc . 
Analysis  of  the  negator  coil  yields  the  following  relations: 

f (w) K1w  where % = constant 1 

therefore: 
FC w =  ~~ 

In  practive  it  would  probably  be  easier  to  determine  f2(x) 

experimentally.  Experiment  indicates  that  f2(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 

fmntwound,  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 rider 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 drms. 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 

will  be  determined. 

Consider a length 

at a certain  radius R , 

failure  modes  of  the  conical  unit 

of  negator  coil  held in equilibrium 

by a uniform  internal  pressure, 

The  strain  energy  contained in the  coil  is  given  by: 

M ~ L  h -  2EI 
Substituting 

1 1  M E1 i- - E) . 
Rn 

We  get 

Now  considering  the work done by the  pressure: 

R E = 2rwPRdR 

(4.1) 

(4 .2)  

(4.4) 

Rn 
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Drums Move In And Out \\ , /N;gator Coil 

Figure 4.1 - Adjustable  Conical 

Drum  Negator Unit  Design 



or : 

- 
dR d E  = 2mwPR . 

Differentiating ( 4 . 3 )  

dE - EIL (K - E) - 1 1 1  
dR 
" 

n R2 

setting (4.6) equal t o  (4.5) we have 

EIL 1 1 p =  - '3 ("-1 
2.rrwRJ Rn R 

(4.5) 

' , (4.6) 

(4.7) 

Now, i f  instead  of a uniform pressure  there is a force  per 

unit length ( f )  acting on each edge of the  coi l ,   th is   force 

per  unit  length is given by 

f = -  Pw 
2 

So w e  have 

EIL 1 1 
4 mR Rn 

f" ( - -  z> . 

Consider now the  following  situation 

(4.8) 

(4.9) 
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If the  frictional force is  negligible, only the normal 

force, f' , can act  to  produce  the  component, f . The  component, 
f" , will  also  be  produced.  F'rom  geometry: 

f' = f/sin(a)  (4.10) 

f" = f ctn(a) (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: 

2 1  
RnR 2' F = EIC - -  

The  force  acting  on  one  conical  section  will  be 

F = - = -  F E I  2 1 
c 4 4 RnR c-" 

(4.12) 

(4.13) 

The  stresses  acting  on  the  spokes  will  be  considered  first. 

Two possible  types  of  failure  modes m e  bending  stress 

failure OP compression  buc.kling . 
Consider  the  forces  acting  at  the  tip  of one spoke: 

$- 
I /p 

60 



here 

P = f ' l  + Fc/sin(cr) 

where 2 R  1 = -  N O  

b o k  at  the  section  where  the  tip  indicated by the  dotted  line: 

h/ cos 

L 
The  bending  moment  will  be  given  by: 

M = P x  (4.16) 

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

The maximum stress  is  given  by: 

O m l  - 21 
- %  . 

Substituting (4.16) and  the  equation; 

y = q/cos(cr>+x  tan(cr> 

(4.18) 

(4.19) 
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we get 

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

the  derivative of (4.20): 

(4.21) 
Setting  (4.21)  equal  to  zero  results  in: 

x =  9. Sin( a> (4.22) 

Substituting  into  (4.20)  results  in 

The  shear  stress  at  the  tip  is  given  by 

(4.24) 

Taking  the  ratio of maximum fiber  stress  to maximm shear 

stress,  we  get 

If tan(a1 = 1 / 2  j .  “-/T 6 

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 o f  the  spoke 

is given by: 

Mh 
m2 21 

(3 = -  

where 
M P'R 

(4.26) 

(4.27) 

I=-- bh3 
12 

Substitution of (4.27-4.29) into (4.26)  results  in 

6P'R 
m2  bh2 

(5 = -  

(4.29) 

(4.30) 

The  compressive  buckling of the  spoke  must also be  considered. 

The  buckling  model to be  used  is  shown  below 

Yor thls case ~IT'E~I 
P;& - - 

L2 
(4.31) 
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for the spoke 

12 

L = R  

prr fl + F C 

so we  have 

(4.35) 

c 

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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A n  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: 

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 

(4 .36)  

Where PI' is  given  by 

P" f'l + Fc/sin(a) . (4 .37)  

This  model  does  not  fit  the  actual  situation  very  well  but  it 

does  generate a parametric  equation (4 .36)  which  can  be  used 

for design  purposes. 

For the  design  of  the  spoked  conical  section,  the 

parameters  that  must  be  chosen are the  cone  angle, CL 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 f r o m  the 

force  requirements,  choose c1 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, B . 
In summary, then,  after  the  working  stress,  ow,  and  the 

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

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

3P cos(a> 
= u tan(a:> 

W 

2 6P'R bh - u W 

3 3L'(fl + Fc) h b =  

27rR 1 = -  N 

(4.38) 

(4.39) 

(4.40) 

(4.42) 

(4.43) 

f=-[-- EIL 1 1 
47rR3 Rn d (4.44) 

66 



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  written 

to choose  the  dimension  which  results in a lower stress. 

The progm was  written so that  it  automatically  chooses  the 

values of the  cone  angle  and  spoke  nunber  which  result in an 

optimum  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. For a 

given  material and working  stress,  this  can  be  accomplished 

by  varying  the  cone  angle  and  the  nwiber 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 h s .  Coil  number  SH31U58  was 

chosen  because  the  force  prcduced  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  thichess  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, B , 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  optimum  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-tn- 

weight  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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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 
I 
I 
I 

SH31U58 coils  (Figure 4.31, 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  28O  on  the  left as the optimm 

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 c1 near  the  optimum.  It  is  therefore  reconmended  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 f o r  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  C a b l e  Suspension Analysis 

There are two proposed methods f o r  negating  the  torso: 

1) 4-point torso suspension 

2 )  "L-C" brace  torso  suspension 

The torso would be held more or less r ig id  i n  a harness which 

consists  of a bicycle-like seat with  s t raps   to  and around 

the  shoulders, and also  includes a fiber-glass molded she l l  

t o  support  the  front  of  the  torso. 

It is observed tha t  w h i l e  the  center of gravity  of  the 

human  body varies  appreciably  during n o m 1  body  movements 

a large  part  of this  variation  occurs as a r e su l t  of leg and 

arm movements. C131~ i l e  there is no reliable  data  to  support  

t h i s  assumption, it is also fe l t  that   the   center  of  gravity 

of the  torso and head combination  changes  very l i t t l e  over 

a wide range  of movements. This  assumption, i f  true,  leads 

to   t he  conclusion  that  the torso can be effectively negated 

and supported by considering it a r ig id  body with a fixed 

center of mass. 
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5.1.1 4-point  torso  suspension 

The 4-pint torso  suspension system includes 4 suspens- 

ion pints; 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: 

2T2 

Moment  balance  requires: 

T2(z2  sin(8>+y2  cos(O>> = T1(zl sin(8) + yl cos(8>>.(5.1> 

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

T z  = T z  2 2  1 1  

Also for lunar gravity  simulation: 

(5.4) 2T + 2T2 = -Wt 5 
1 6 

5.1.2 "LC" brace  torso  suspension 

Because of the  difficulty  in  achieving  good  balance 

w i t h  the  4-point  suspension  system and because  of  the  cable 
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interference 

proposed. I 

problems a second  torso  negation  system  was 

t 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 limb (either  leg or arm) is  then  represented  as 

shown  in  the  following  sketch. 
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imb + hand or foot 

It is  proposed that   the  whole limb be supported a t  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 F1 , T1, and T2 must be established. Force 

balance  requires  that: 

Moment  balance  on  the  lower  section of the limb requires 

that : 

Mment balance  on  the  upper limb requires: 

Now  the limb 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: 

F1 Mlg + f2 . 
Moment  balance: 

T1 = M 1 1  gl sin(el)+T2+f2Llsin(e1) . 
For the lower section: 

Force  balance: 

f2 = M2g - F2 

Moment  balance: 

T 2 + F2a sin(02)=M2g12sin(92) . 
Rewiting  Equation ( 5.W 1 

T2 = (M2g12-F2a) sin(e2> 

C 5 . W  

(5.6b) 

(5.6~) 

(5.6d) 
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in order t o   s a t i s f y  (5.6b): 

M gl -F a = "M gl 1 
2 2 2   6 2 2  

or 

F a = "M gl 5 
2 6 2 2  (5.7a) 

substituting (5.6~) in to  (5.6a) and (5.6b) we have: 

F M g + M2g-F2 1 1  (5.6a) 

and 

f o r  (5.5a) t o  be sat isf ied:  

1 (MI + M2)g-F2 c(M1 + M2)g 

or 

5 F2 = $M1 + M2)g . (5.7b) 

We now  check t o  see if  T1 i s  sa t i s f ied  

Comparison w i t h  Equation (5.5~) indicates  that   the only way 

(5.5~) can be sa t i s f ied  is i f :  

-1 = 1  -4 1 5 
6 1  1 6 1  
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I 

or 

L1 = 1 1 '  

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 (a> of  the  weight of the  upper 

section  of  the limb at  the  upper  joint.  We  now  have  the 

following  situation. 

M2g 

The  reaction  force  at  the  upper  joint  is  shown as two forces 

F1 t F3  to  clarify  the  simulation  technique. 

We  can  now  write: 

For  the  upper  section: 

Force  Balance: 

F1 + F3 Mlg + f2 (5.8a) 
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Moment  balance : 

T1 = M gl sin(el)+f2Llsin(e1)+T2 e (5.8b) 1 1  

For  the  lower  section: 

Force balance: 

f2  + F2 M2g  (5.8~) 

Moment  balance: 

T + F2a sin( e2>  M2g12sin( e2) . 2 (5.8d) 

We also  have: 

5 F3 = c ~ C  F MlgI . (5.8e) 

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

condition: 

5 F2a = M2g12 . (5.9a) 

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

F1 Mlg - F3 + M2g - F2 (5.8a) 

and 

T1 zz M 1 1  gl sin(B1)+(M2g-F2)L1sin(e1)+ FM,gl2Sin(e2) 1 

(5.8b) 
Substituting  (5.8e)  into  (5.8a)  and  comparing  with  (5.5a) 

results in 
5 
6 (M1 + M2)g- - aMlg-F2 = @M1 + M2) 1 
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(5.9a) 

or 

5 5 F2 + F Mlg = $Ml + M2>g - 

Substituting  (5.9b)  into  (5.8b) results in:  

T1 MlgllSin(B1)+(M2g- $M1 5 + M2)g+ 5 Mlg)LISin(B1) 

1 + F M2g12sin(B2) . (5.8b) 

Comparing this   with (5.52) reveals  the  condition 

1 
ct 1 - l/L1 * (5 .9c)  

Equations (5.9a,  by  c) constitute  the  conditions on F2, ct , 
and a . Reiterating, w e  have then  the three conditions: 

3) a = M212/(M 

The preceding  analysis  applies  to  both arms and legs. The 

resul ts   indicate   that  i f  a fract ion of the upper arm or upper 

leg weight is added t o  the  torso weight, the  rest of  the limb's 

weight  can be negated by one attachment point below the  joint .  

It is  obvious t h a t  one attachment  point above the   jo in t  

could  never satisfy  the  simulation  condition. It is also 

obvious tha t  two suspension  points  for  each limb could sa t i s fy  



the  simulation  condition. One attachment  point would be a 

much simpler arrangement for limb negation. 
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5.2 Sement Weieht  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"ldeve1oped a 

set of regression  equations for calculating  the  weight of 

body  segments : 

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

- 

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

FisherCg1  report  that  the  fraction of the  body  weight 

contained  in  each  body  segment is as  follows: 

Contini and 

trunk and  head""0.530 

both  thighs------- 0.215 
both  lower  legs---0.130 

Drilli~[~'calculate a body  build  index  which  is 

both ms---------O.125 

a function of both  height  and  weight  given  by: 

c = H/W 1/3 

where H 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 m e  a function of c) for the  average 

density of the limbs are also presented. 

Most of the  data in the  literature  is  presented 

statistically; in tern of averages,  standard  deviations, 

etc. For 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 h o r n  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  segnent'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  addedfrom ahown 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 a e  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 . 
The  equations  are  modified  to  include  the  hand or foot  with 

C41 

the  lower a r m  or lower  leg: 

c = Hw- 1/3 (€3 in inches) 
(W in lbs.) 

d = 2.17~ + 38.1  lb/ft 

dUA = 0.82bd + 13.5 lb/ft3  (upper am) 

dLA = 1.29d - 14.6 lb/ft3  (lower arm + hand) 

dUL = 0.775d + 14.2 lb/ft3  (upper  leg 

dLL = 0.912d + 12.5 lb/ft3  (lower  leg + foot) 

3 

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 limb the  subject 

first  lays  flat  on a balance  board  while  the  reaction  force, 

F2, is  measured  and  the  raises  the limb to  some  angle, 0 , 
while  the  reaction  force, Fi , is  again  measured: 
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Figure 5.1 
Segment Weight Determination: 

Arrn Immersion Tank 
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rd - 
=1  F2 

(See  also  Figures  5.2  and 5.3). 

Moment  balance  yields  the  following  equations: 

I 
WL t w(L t 1) = F2d 

F d = WL + w(L + 1 cos(e>> 
1 1 

2 

where w weight  of limb 

W weight of rest of body . 
Solving  for 1 yields: 

After  the  mass  and  location of the  center of mass is 

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

of the  center of mass of the torso-head  combination.  The 
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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 f r o m  the  posterior 

body  plane  is  difficult  to  determine  experimentally;  however, 

S~earingen~~~lhas 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) f r o m  the  posterior  body  plane fo r  

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 

uni ts  we= designed and bu i l t .  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 i n  the  following  sketch  with  the dimensions shown i n  

the  table below: 

Design No. Coil N o .  cr(deg) dmin(in) &(in)  

1 SH3  1U5 8 45 2.26 4.71 
2 SH2 5U4 8 26.5 1.82 4.18 
3 SH2 OR47 26.5 1.47 3.75 
4 SH16P38 26.5 1.16 3.4 

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

negating  force  for  the main torso  harness.  (This  unit i s  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) 

I 
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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 SHl6P38 coi ls  which  had the i r  

width  reduced t o  1 / 2  inch.  Their  force  output was about 

1 0  pounds each. All the negator units used in the  prototype 

simulator were equipped  with  safety  devices t o  prevent  the 

coi ls  from coming completely unwound from the drums. 
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6.2 Magnetic A i r  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 pds exhibit a breakaway  force  of  approximately 55 

pounds. A photograph of the  design  is  shown in Figure 6.2. 

S i x  of the  prototype  magnetic  air  pads  arranged in a 

ring are  used to support  the main torso  harness;  one  each 

is  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 
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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  aluminm.  Its  total  weight is about 20 pounds.  The 

attachment  points  on  either  side  of  the hmess are adjustable 

to  accomalate  subjects  of  different  sizes.  (see  Figure  6.9 1. 
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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 - - Pr ototype Harne s s 
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Figure 6.7 - - Prototype Harness: Seat 
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Figure 6.8 - - Prototype Harness: Rear Bearing Pivot Point 

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 b a l l  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 systm. This  is 

that  the  extended  portion  of  the  negator  spring  does  not  bend 

in  the  plane  of  motion.  This  is  probably a valid  assumption 

for  the  orientation  of  the  negator  springs  shown  in  Figure Al. 
;‘E 

.,. ,. 
Note  that  the  width  of  the  negator  spring  is  parallel  to  the 
plane  of  motion. 
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Lunar Gravity  Simulator Model 
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If, however, the  negator  spring assembly w e r e  rotated through 

90 degrees,  the  width  of  the  negator  springs would be perpen- 

dicular  to  the  plane of motion. Due t o  the very low r ig id i ty  

of the  negator  springs  in  this.  direction,  the  assmption 

would  no longer  apply and the three coordinates would not 

suffice in locating  the system. 

The following are the assumptions which w i l l  be made 

in the  derivation  of  the dynamic equations: 

1. The extended portion of the  negator  spring is r ig id  
and inextensible. 

2 .  The a i r  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 bal l   jo int   has   negl igible   f r ic t ion.  

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 
f o r  any elongation. 

The parameters used in the  analysis are defined as 

follows : 

X 
P 

Location  of the  center  of  gravity  of  the air  pad. 

9 Angle tha t   the  extended portion  of  the  negator  spring 
makes with  the  vertical. 

1 The distance f r o m  the   ba l l   jo in t   to   the   cen ter  of 
gravity  of  the  subject mass. 

a The distance f r o m  the  center of  gravity  of  the a i r  pad 
to   t he   ba l l   j o in t .  
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The distance fxxn the  b a l l  joint   to   the  center   of   gravi ty  
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 
f r o m  t he   ba l l   j o in t  measured f r o m  that   point.  

A distance  paral le l   to  any point on the extended p e t i o n  
of the  negator  spring. 

Horizontal  distance f r o m  a.reference point. 

Vertical distance f r o m  a reference  point. 

Mass of the  subject. 

Mass of the a i r  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   ba l l   jo in t .  

Moment of   iner t ia  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   iner t ia  of one spool  about i ts  axis  of rotation. 
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IC Mment of inertia  of  the  coiled .portion of one negator 
spring  about  the axis.of rotation. 

F The force  output of both  negator  springs. 

T The kinetic energy  of the  system. 

Q A generalized  force. 

Dm Damping coefficient. 

T A t oque .  

Tf Coulamb bearing  f r ic t ion  toque.  

Kinetic Energy of  the Extended Portions  of Negator Springs 

With reference t o  Figure Al, the  position  of any element 

of mass along  the extended portion  of  the  negator  spring  can 

be written 

?"ne component velocit ies of any element of mass can 

be found by differentiating  the above positions  with  respect 

t o  time. 

The kinetic energy of the extended portions of both 

negator  springs can be written as 
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Upon substitution of the squares of the  component 

velocities  into  the  above  expression,  the  kinetic  energy  can 

It  should  be  noted  that i is a constant  over  the 
integration  which  takes  place  at  any  instant of time.  In 

addition , must be equal  to i due  to  physical  constraint. 
Upn completing  the  integration  and  making  the  above-mentioned 

substitution,  the  kinetic  energy of the  extended  portion of 

both  negator  springs  can  be  expressed a3 follows: 

Kinetic  Energy of the  Subject Mass 

For the  sake of simplicity,  the mass w i l l  be  assumed 

concentrated  at a point.  The  coordinates of this  point are 
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The kinet ic  energy of the mass can be writ ten 

Upon making the appropriate  substitutions,  the  kinetic 

energy of the  subject mass is. 

Kinetic Energy of the Negator Spring Housing 

The coordinates of the  center of gravity of the negator 

spring housing are 

xh = xp + b s i r i ( 0 )  

yh -a -b cos(@ 1 - 
The velocit ies are 

The kinet ic  energy of the housing  can  then be written 

as 

." - . .-. . . . . . . .... . , , 



Th = M,(Z 2 +b 2-2 0 +22 b 6 costel>+ 1 IhCgi2 
P P 

Using the   para l le l   ax is  theorem, the moment of ine r t i a  

of the housing  about the  ball jo in t  is 

Ihe = I + b2 
hcg 

Substituting  this  equation  into  the  expression  for 

kinet ic  energy yields  the  following: 

Kinetic Energy of Both Negator Spring Spools 

The coordinates of the  center of gravity of the two- 

spool combination are 

x x + b s in (e )  
S P  

ys = -a -b cos(8) . 

The corresponding velocit ies of this   center  of mass 

are 

k = k + b 6 cos(f3) 

9, = b 6 sin(8) . 
S P  

The spools rotate with an angular velocity & . This 

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

a = -  - i  R = JfiL + b-l)+rs 2 
R IT 

where R is the  varialbe  radius of a coil. The expression 

fo r  R is derived  in  the  next  section. 

Solving for the  kinetic energy due to   t rans la t ion  of 

the  center of mass plus  that due to   ro ta t ion  about the center 

of mass gives 

2 2 i2 T Ms[x + 2x b e cos(e)l+Isee + Is cx 
S P P  C%L 71 + b - l)+r: 1 

Kinetic Energy of the Coiled  Portions of Both Negator springs ~- 

The coordinates of the  center of mass of the   co i l  are 

x x + b sin(€)) 
C P  

YC 
-a -b cos(e) . 

It should be noted that  these  coordinates are not a 

function of the  variable 1. 

The velocit ies of the  center of mass me 

The kinetic energy of the   co i l  can be expressed as 
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.n  

The parameters Mc, Ice, and Iac are functions  of  the 

distance 1. It can be easily seen that   the  mass of one co i l  is 

Mc = pwt (L  + b - 1) . 
The radius  of  the  coil can  be  found from the  evaluation 

of the  following  integral: 

rS 
0 

Where C is the  length of the  coiled  negator spring 

and ds is an element  of arc length: 

C = L + b - l  

Upn  evaluation of the above integral ,  R is found; 

The  moment of i ne r t i a  of one co i l  about its cylindrical 

axis is 

The moment of iner t ia  of a c o i l  about an axis perpendi- 

cular   to   the  axis  of symmetry through the   ba l l   jo in t  i s  
z z  ( R  - rs) w2 
4 12 I,, = m, C + - + b ]  . 
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Making  the  appropriate  substitutions,  the  kinetic  energy . 

of both  coils  is  found. 

[ t ( L  + b - 1>+ 2rsl 2 1 ‘2 

[ %L + b - 1>+ rsl 
+ p w t ( L  + b - 1) 1 71 

2 
IT 

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: 

Generalized  Forces 

Because of the  negligible  air  drag  assumption,  the 

generalized  force  due  to a variation in x is b 
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Using the  assunptions  of  negligible air drag and 

f r ic t ion  in the  bal l   jo int ,   the   general ized  force due t o   t h e  

variation of e is 

Q, -g(% + % + 2M + 2Mc + 2Me)D sin(e) . 
2 cg 

Where D is the  center of mass of the system suspended 
cg 

below the  bal l   jo int .  

b(2Ms+Mh)+1ML+2pwtbL+pwt(1 b) 2 
D =  
cg ML+%+2Ms+2Mc+2Me 

Q, can now be expressed as 

In  calculating  the  generalized  force due t o  a variation 

in 1, the  frictional  torque  in  the  bearings of one negator 

spring spool is assumed t o  be of  the form 

The frictional  torque  contains a viscous f r i c t ion  term 

and a coulomb f r i c t ion  term. It w i l l  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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f = -  ZIT 
R 

The  frictional  force  due  to  this  torque  can  be  written 

making %he  substitution CL = - * 1  
R *  

The  frictional  force  due to the bearings in  the spools is 

1 1 lf f = -2(Dm - +") . 
R2 lil R 

The  generalized  force  due  to a variation in 1 is 

Substituting  the  expressions  for Me and R into  the 

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

ordinates. 

i 2[Dml + - - (L+b-l)+rsl 2 

Q1=[2pwt(l-b)+~lg cos(@)- -F 
t - (L+b-l)+ rs 2 
Tr 

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 
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Then - d (-1 = o  . aT 

P 
dt a? 

It  is  seen  that  the  coordinate x can  be  ignored  from 
P 

the  standpoint of.the dynamics of the  system.  Furthermore, 

the  above  equation  is  immediately  integrable  and  has  the form 

- aT = const. 
a? 
P 

Since  the  quantity - aT is the  momentum  associated 
a? 

P 
with  the  coordinate j ,  , the  previoys  equation is a statement 

P 
of  conservation of momentum in the x direction. 

P 
Carrying out  the  required  differentiation,  this  equation 

becomes 

(M  +%+2Ms+2pwtL+M )A +( +2Ms+2pwtL)b 6 cos(e) 
P L P %  

+2(1-b)i sin(e>] = const. 

The  second  equation of motion for the  system  is 

Performing  the  required  differentiations  yields: 
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The third  equation  of  motion for the  system is 

The evaluation of this  equation  yields: 

.. 21 t pwt(L+b-l)  -)L+b-1)+2rs1 t 2 
1 { 2pwt(l-b)+ML+ sa 7r 2 1 

5Ltb-1) + rs 
IT 
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APPENDIX B - COMPUTER PROGRAMS 

In  this  appendix  is a listing of three fortran cmputer 

programs: JUMPl, DESIO,  and JUMP2. 

JUMP1 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 UM 
length of negator  coils UL 
thickness of negator  coils T 
width  of  negator  coils W 
natural  radius of curvature 

radius of dmrms that  the 

initial  upward  velocity of 

of negator  coils RNO 

negator  coils  were  wrapped  on  RIO 

sub j ect x2 0 

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 nunber  that  will  result  in a minimum  weight  design.  The 

inputs m e  as  follows: 

width of negator  coils w 
length of negator  coils UL 
thickness  of  negator  coils T 
natural  radius of curvature 

minimum radius  that  negator 

change in radius  that  is 

of  negator  coils RNO 

coils m e  wrapped  on R I O  

desired  DELR 
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density of material mos 
Young' s modulus of material EN 
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 JUMP1 except  that  the  thiclmess 

of the  negator  coil  is TT and  the  input  velocities  are YODOT 

upward and XOWT sideways. U M P  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. " 
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L.ST 

1 
2 
3 

1 U  
11 
12 
13 
14 
15 
1 6  
17 

c nH 
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FOR 

1 
3 
4 
5 

10 
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32.2 
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