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ABSTRACT

A complete  Ear th / lunar  in f ras t , ruc ture  is  presented-  A l l
phases necessary  to  suppor t  a  re turn  miss ion to  the Moon

inO ach ieve  pe rmanenC occupancy  a re  desc r ibed .  Th i s
paper of fers design concepts a:nd support ing rat ionale for

;  l o w - r i s k ,  l o w - c o s t  p r o l J r a m  b a s e d  o n  e x i s t i n g
technologies and use of t l ire proven Shuttle system.

At  the hear t  o f  the in f ras t ruc ture  is  the Shut t le  cargo
bay an6 i ts  pay load re tent ion system.  The pay load s iz ing
anb method o f -s t ruc tura l .  suppor t  is  used as a  s tandard
throughout the inf : rastructure, ensur ing compat ibi l i ty and
s impl i fy ing user  operaL ions .  Ho r izont .a l  in tegrat ion and
nan-Oti"-g on Earth and th.e Moon represents a substant ial
cost  avo idance through use o . [  ex is t ing Shut t le  sys tems
and minimal lunar ground suppo:rt equipment.

INTRODUCTION

No mat te r  how cons t ra ined  the  p rog ram,  a  re tu rn  m iss ion
to  the Moon repre,sents  a  ma jo : r  nat iona l  commi tment .  The
Apo l l o  p rog ram p roved  t , ha t  expendab le  sys tems  cou ld
d e l i v e r  a n d  e x e c u t e  s h o r t - d u r a t i o r l r  m a n n e d  l u n a r
m iss ions .  The  cha l l enge  i n  re tu rn ing  i s  t o  c rea te  a
c o s t - e f f e c t i v e  r e u s a b l e  i n  f r a s t r u c t u r e  t h a t  o f f e r s
eventual permanent, occupancy.

planners must decide whet.her to adopt an austere approach
based on exist ing systems or to be aggressive and devefop
n e w  t e c h n o l o g i e s .  I n  l i g h t  o f  p r u d e n t  e n g i n e e r i n g
j u d g m e n t  a n d  t r a d i t  i o n a l  G o v e r n m e n t  p r o c u r e m e n t
pract  ices,  th is  paper  presen ' ts  a  conservat ive  approach
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f  o r  es tab l  i  sh ing a  lovr -cost  I  E iar th /  lunar  in f  ras t  ruc ture
lead ing  to  ea r l y  se t t l emen t  o f :  t he  Moon  (F ig .  l -  )  .  I : t

o f f e r s  t h e  b e n e f i t s  a t t r i b r a t a b l e  t o  s u c h  p r o v e n
o p e r a t i o n a l  s y s t e m s  a s  l o w - r i S k ,  m i n i m a l  s t a r t u p '
commonal i ty,  bui l t - :Ln safety,  and known rel iabi l i ty.

5. l,unar Landing Vehicle 7. Lunar Utility Vehicle

{

1. Shuttle 3. Space Station Freedom
2. Shuttle-C 4. OrbitalTransfsr Vehicle 6. L,unar Base 8. Lunar Suit

Figure 1. End-to-End Earttllunar Infrastructure Based on Existing Technologies

POINT OF DEPARTURE

The ex is t ing Nat iona l  Spurce Tr :anspor ta t ion System (NSTS)
o f  f e rs  a  comp le te  Ea . r th ' - t o -o : rb i t  sys tem.  I t  p rov ides
i n t e g r a t i o n ,  L a u n c h ,  f - L i g h t , ,  r e e n t r y  a n d  p r o c e s s - t n g
c a p a b i l i t i e s ,  a n d  i s  t . h e  p r o d u c t  o f  m a n y  y e a r s  o f
deve lopment  and re f inement .  The Shut t le ,  parL  o f  t .he
NSTS,  i s  t he  backbone  fo r  Space  S ta t i on  F reedom.  I t s
per formance and cargo bay d imens ions s ized the major
U. S .  and internat ional  modules .

Pay load  accommodaL ion  i s  t he  key  to  th i s  sys tem.  Wj - th
i t s  ca rgo  bay ,  t he  Shu ' [ t I e  o f fe rs  s imp le  ho r i zon t .a l
i n t e g r a t i o n  w h i l e  r e t a i n i n g  a  c o n v e n t i o n a l  v e r t i c a l
l aunch .  Ord ina r i l y  t he  s t ru rc tu ra l  eng inee r  wou ld  no t
v o l u n t e e r  h a l f  a  t u b e  a s  a  f u s e l a g e  c r o s s - s e c t i o n ;
however,  payload handl ingr requirements drove the Shutt le
con f  i gu ra t i on .  The  resu l , t  i s  a  pa i r  o f  s t ruc tu ra l  s i l - I s
runn ing the 60- foot  lengt .h  o f  the cargo bay.  SLructura l
l oads  a re  t rans fe r red  th rough  t runn ions  to  the  s i1 .1 ,
keep ing  the  pay l r cad  secu re  rCur ing  a I l  phases  o f  t he
m i s s i o n  ( F ' i g .  2 )  .  T h : i s  s l ' s t e m  p r o v i d e d  t h e  f i r : s t
inspirat ion for the Earthr/ .1-unar infrastructure.
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Figure 2. Shuttle l,ayload Resffaint Syslem - Used For All Mission Phases

The second s t rong mot iva t . ion l ras  a  veh ic le  or ienta t ion
f o r  s i m p l e  p a y l o a d  h a n d l i n g .  U n i o n  o f  t h e s e  t w o
o b j e c t i v e s  p r o d u c e d  a  d e s i g n  t h a t  o f f e r s  e a s y  u s e r
operat ion wf r i te  mj ln imiz ing both  deve lopment  costs  and
lunar payload support hardtpare.

INFRASTRUCT(TRE DESCRIPTION

T h e  E a r t h / l u n a r  i n f r a s t r u c t u r e  c o n s i d e r s  a I l  m a j  o r
aspects  o f  the miss ion f : rom g: round operat ions,  through
orb i t  t r ans fe r ,  t o  l una r  base r  a rch i tec tu re ,  i nc lud ing
space  su i t  des ign .  Shown  in  F ig .  3  a re  concep ts  tha t
t rans la te  the miss ion s t .agres in to  po in t -des ign and create
a n  i n t e g r a t e d ,  e n d - t o - e n d  s ; y s t e m  f o r  s u s t a i n i n g  a
permanent lunar base.

EARTH SURFACE

Space exp lora t . ion is  ac t .u ;a l ly  I ta r th  based.  Engineer ing,
manufactur ing,  deve lopmen,L,  qua l i f  i ca t ion ,  L ra in ing,  and
j -n tegrat ion are  do:ne by people  on Ear th  in  fac i l i t ies  on
E a r t h .  E x i s t i n g  t r a i n e d  p e r s o n n e l  a n d  f a c i l i t i e s
rep resen t  a  cos t -e f fec t i ve ,  l ow- r i sk  po in t  o f  depar tu re
fo r  t he  Ear th /  I una r  i n f ra . s t ruc tu re ,  By  us ing  the  NSTS,
cu r ren t  j  obs  evo l ve  i n to  ca ree rs  w i th  a  p roduc t  i v i t . y
payback  i n  t . he  l una r -m iss ion  e ra .  Compa t ib i l i t y  w i th
NSTS means that  growth to  meet  the increased t ra f f ic  can
be  ach ieved  by  rep l i ca t i ng  e> r i s t i ng  fac i f i t i es  ra the r
than  by  des ig r i i nE  and  h ru i l d i . ng  s t ruc tu res  fo r  a  new
s y s t e m . T h i s  a v o i d s  t h e  c o s t  o f  d e v e l o p i n g  n e w
t r a n s p o r t a t i o n  s y s t e m s ,  i n t e g r a t i o n  a n d  c h e c k o u t ,
fac i l i t i es  ,  Launch complexes ,  o r  ma jor  g round suppor t
equipment.
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1. Orbital Transfer Vehicle

2. Lunar landing Vehicle

3. Crew Cab

4. Habitat/LabraCIry

5. Propellant Tank

6. Cargo Platform

7. Lunar Utility Vehicle

8. Cargo Bin

9. Rover

10. Space Shuttle Orbiter

I l. Shuttle-C

Figure 3. Vehicles and Cargo Rlature Modular Design

LAUNCH A}ID REENTRY

The  Ear th /  l una r  i n f  ras t r : uc tu : :e  i s  de r i ved  f  rom the
S h u t t l e  c a r g r o  b a y ;  t . h e r e f o r € r  i t  a l 1 o w s  f o r
s tandard i za t i -on  o f '  pay load  i n teg ra t i on  and  hand l i ng r  .
Because  the  p lanned .  Shu t t l - e -C  (F ig .  4 \  has  the  i den t i ce r l
payload attach system, car(Jo del- ivered by this vehicle j .s

a l s o  c o m p a t i b l e  w i t , h  t . h e  i n f  r a s t r u c t u r e .  T h e
S h u t t l e / S h u t t t e - C  c a r g o  b a r y  c o m m o n a l i t y  a l l o w s
i n t e r c h a n g e a b i l i t l l ,  t h u s  c r r o a t i n g  a  f l e x i b l e  a n d
res i l ien t  sys tem.

Roles and miss ions are  bet ter  def ined by inc lus ion o f  the
Shu t t l e -C  veh ic le .  The  unmernned  Shu t t l e -C  p rov ides
t ranspor ta t i on  to  l ow  Ea : r th  o rb i t  f o r  heav i€ r r  l onge i r
cargo. The manned Shutt le,  on the other hand I  Lransports
crew up and down and provides a shel tered ret .urn to Earth
f o r  S h u t t l e - c o m p a t i b l e  p a y - L o a d s . I n f r a s t r u c t u : r e
e lements ,  such as crew module$,  are  des igned to  re turn
fo r  ma  jo r  ove rhau l , s .  Th i s  re r l i eves  the  Space  S ta t i on
as t ronau ts  f rom E IVA se rv i c ing  i n  we igh t l essness  and
a l l o w s  t r a i n e d  t e c h n i c : l a n s  t o  u s e  e x t e n s i v e  t e s t

Griffin



Shuttle
.ldanned
. Payload
- 4.6m (15 ft.) Dia.
-18.5m (60 ft.) Iong
-25k kg (55k lbs)

.3 Engines

. Reuseable

Shuttle-C
. Unmanned
. Payload
- 4.6m (15 ft.) Dia.
-25.2m (82 ft.) Long
-45.5k kg (100k lbs)

.2 or 3 Engines

. Expendable

Figure 4. Payload Interchangability Improves Access to Orbit

equipment to repair '  uPgrade'
in a gravity environment w:Lth

SPACE STATION FREEDOM ( SSF]L

and recal ibrate the vehi-c.Le
al .1 systems of f  .

Space Sta t  ion Freec lom is  the warypo in t  f  o r  t ra f  f  i c  to  and
f rom the Moon .  For  outbound miss ions,  the s t .a t ion is  a
p l a t f o r m  f o r  v e h i . c l e  a s s e m b l y ,  p a y l o a d  i n t e g r a t i o n ,
prope l  lant  t rans fe . r ,  and systerms ver i  f  i ca t ion .  Tra f  f  :Lc
ret.urning from the Moon aeromaneuvers through the Earth 's
a tmosphere to  rendezvous wi th  SSF.  The lunar  c rew then
returns to  Ear th  aboard the Shur t t1e.  S i rn i la r  to  a  zero ' -g
w h a r - f ,  S S F  p r o v i s i o n s  i n c l u d e  s i l I - l i k e  p i e r s  f o r
r e S t r a i n i n g  t r a n s f e r  v e h i c l e s i ,  p r o p e l l a n t  t a n k s ,  a : n d
ca rgo  (F ig .  5 ) .  The  same Shu t t l e  pay load  a t tach  po inLs
a r e  u s e d  t o  r e s t r a i n  a I - L  e l e m e n t s  b e t w e e n  t h e  p i e r s .
However ,  un l ike  the l  enc losed Shut t le  cargo bay,  aceess to
pay loads is  improved bbcar- rse on ly  the s ide t runn ions are
secured.

ORBTTAL TRANSFER VEHICLE (OTV)

The  Orb i ta l  T rans ; fe r  Veh ic le  fe r r ys  c rew and  ca rEo
be tween  SSF and  l ow  luna r  o rb i t .  The  OTV reduc ros
p r o c u r e m e n t  a n d  o p e r a t  i o n , s  c o s t  s  t h r o u g h  ( . f  )
c o m p a t i b i l i t y  w i t h  t r u n : n i o n  p o i n t s ,  ( 2 )  c o m m o n a l i ' t y
within the infrastr :uct .ure,  and (3) s imple operat ions for
c a r g o  i n t e g r a t i o n  a n d  v e h i c l e  s e r v i c i n g t  . T h e
conf igura t ion is  based on a  s t ruc tura l  f rame wi th  three
openings (F ' ig .  6) .  A la rge,  cent ra l  open ing serves as a
ca rgo  ho ld  w i th  Shu t t l e - l i ke  a t tachmen ts  fo r  pay load
t runn ions  and  the  two  ou tboa r rd  open ings  fo r  veh i c le
p r o p e l l a n t  t a n k s .  B e c a u s e  t h e  O T V  r e t u r n s  t o  S S F ,  i t
car r ies  an aerosher l  l  used to  lb rake aga ins t  the Ear th  '  s
a t m o s p h e r e .  T h e  a e r o s h e l l  e x p e r i e n c e s  c o n s i d e r a b l e
thermal  load ing and has a  l imi ted I i fe .  Therefore ,  t .he
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Figure 5. Transfer oltLunar I-anding Vehir:le to Space Station Freedom Piers

OTV is  des igned fo : :  easy J-nspect ion before  reuse and,  i f
reguired, simple aerobrake removal -

The OTV is  cons idered a  space-based veh ic le ;  however ,  i t

can  be  re tu rned  to  Ea r t f i  i n  t he  Shu t t l e .  Typ i ca l l ' y '
se rv i c ing  i s  done  a t  SSF us ing  e i t he r  su i ted  as t ronau ts
o r  a  roboL ic  dev i ce .  A . l t  subsys tems  a re  modu la r  and
orb i ta l  rep l -acement  un i ts  (ORU) are  a t tached one lay 's r '

Payload
Envelope

Reaction
Control
System

Aeroshell Engine (Extended)

Figure 6. The OTV Adds an Aeroshell to ULV Systems to hovide Orbit Transfer
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deep  to  the  f rame 's  ex te r i o r .  Th i s  a r rangemen t .  a f fo rds
direct access without hav:Lng to remove another ORU, thus
s impl i fy ing serv ic ing operaL ions;  in  weight lessness.

Steady state operat j -ons require at  least Lwo operat ional
OTVs in the f  leet ,  including a supply o f  cr i t  i rcal  spares
a t  SSF.  Th i s  p rov ides  an  added  measure  o f  s ;a fe t y  and
al lows simultaneous cargo :Lntegr:at ion and del ivery.

LUNAR LANDING VEHICLE (LLV}

A good t ranspor ta t ion sys tem assumes t .he resprens ib i l i ty
f o r  e n d - t o - e n d  n o v e m e n L  o f  c a r g t o .  A n  e f  f  i c i e t r t
i n f r a s t r u c t u r e  m i n i m i z e s  s u p r p o r t  e q u i p m e n t .  u s e d  L o
accompl ish  th is  task .

The  LLV  con f i gu ra t , i on ,  L i ke  Lhe  Shu t t l e '  r e : sponds  by
p l a c i n g  t h e  u s e r  f i r s t  a n d  p r o v i d i n g  s i m p l e  c a r g o
handl ing (F ig  .  7 l  .

T h e  L L V  c a r r i e s . i t s  c a r : g f o  a m i d s h i p  a t t a c h r e d  t o  t . h e
unders ide  o f  t he  s t ruc tu ra l  f r ame.  Th i s  p rov ides  i l n
e f f ic ient  ar rangement  for  managJ ing the pay load center  o f
g rav i t y ,  I t s  ho r i zon ta l  con f i gu ra t i on  o f fe rs  exce l l en t
c rew v i s ib i l i t y  f o r  l and ing  and  easy  ca rgo  o f f - l oad ing
without the use of overhead equipment.  Addit ional ly,  the
cargo is  de l iveredr  in  a  useab.Le or ienta t ion :min imi  zLng
the d i f f i cu l ty  handl ing o f  la rge pay loads.

C o m p r o m i s e s  a r e  m a d e  i n  d e s i g n . T h e  p r i c e  o f  a
ho r i zon ta l  LLV  i s  o f f - cen te r l i ne  th rus t .  Howev€r ,  t h i s
does not represent a s ign:L f  icant problem because the LLV
is  equ ipped wi th  four  eng:Lnes,  two o f  wh ich are  requ i red
for landing. The r :emaining run at  id le and dre avai lable

Paul Hudson Illustnrtion

Figure 7. The LLV Offers Easy Payload Off-Loading
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to  compensate  for  a .n  eng ine-out  dur ing cr i t i ca l  per iods
of  f l igh t .  Th is  pr :ocedure,  cor - rp led wi th  proven cont ro l
technologyr provides a low-r isk al ternat ive to vert ical ,
center l ine thrust conf igurat ions.

The LLV! s hor izonta-L conf igurat ion and external ly mounted
ORUs combine to  create  a  veh ic le  that  is  eas i ly  serv iced
i n  w e i g h t l e s s n e s s  o r  i n  a  g r a v i t y  e n v i r o n m e n t .  A n
e m p h a s i s  o n  m o d u l a r i t y  a f f o r : d s  r a p i d  c h a n g e o u t  o f
subsystems whi le minimi z i-ng downt ime .  Furthermore, th is
concept provides rel luel ing opt ic,ns.  The tanks can ei ther
b e  f u e l e d  i n  p l a c e  o r  i n s t a l l e d  f u l I ,  o f f e r i n g
al ternat ives for managing propel. lant boi lof f  .

The LLV s t ruc tura l  f rame is  ident ica l  to  the OTV and
shares most of  the same subsyste,ms. The LLV, on the other
hand, t ransports crew and eargo between lunar orbi t  arrrd
the lunar surface, 'Ehus requirJ-rng landingr ge ar .  The OTV
uses the same LLV land ing gear  a t tach po:n ts  for  t .he
aeroshe l l  suppor ts .  Th is  resu l lLs  in  a  common des ign for
react ing the structural  loads or aerobraking and landing.

OTV cargo t ransfer  and in tegrer t ion are  made s imple  bry
us ing the s tandard t runn ion a t t .ach system and by hav inrg
the same basic conll igurati.on as the LLV. Cargo from the
S S F  p i e r s  i s  e a s i l y ' t r a n s f : e r r e d t  a n d  s e c u r e d  t o  t h e  O T V '
and the cargo exchange with t t re LLV in lunar orbi t  i  s
simpl i f ied by the cc)mmonal i ty of  vehicles.

More words on conmonal i ty :  On each miss ion,  the OTV and
LLV rendezvous in  lunar  orb i t  and exchange ar r iv ing or
depar t ing pay loads.  Th is  encounter ,  a long wi th  the h iS lh
leve1 o f  veh ic le  commonal - i ty ,  o f  fe rs  cost  sav ingrs  and
c o n t r i b u t e s  t o  t h e  r e 1 : i a b i l i t y  a n d  s a f e t y  o f  t h e
man-ra ted t ranspor t ,a t ion sys tem.  For  example,  by  hav ing
i d e n t i c a l  a n d  i n t e r c h a n g e a l c l e  c r i t i c a l  O R U s ,  t h e
integr i ty of  a fai led redundant system can be restored j -n

Iunar orbit by exchanging components between LLV and OTV.
Th is  p rocedure  means  one  veh i r : l e  i s  ope ra t i ng  a t  r i s ; k
u n t i l  s e r v i c e d ;  b u t  t h e  c a p a r b i l i t y  i s  b u i l t  i n  a n d
e n s u r e s  a  s a f e  s l l s t e m  w i t h  i l n  o v e r a l l  r e d u c t i o n : L n
spares .

LUNAR BASE

Consis tent  w i th  prerced ing miss ion s tagres,  the lunar  base
arch i tec ture  uses the same t runn ion a t tach system.  The
h a b i t a b l e  m o d u l e s  t h a t  j o i n  t o g e t h e r  t o  f o r m  t h e
pressur ized l iv ing/work ing space are  moved f rom the L I . ,V
to  the base supers 'Eructure  (F ig .  B )  .  The modules are
c a r r i e d  a n d  p o s i ' t i o n e d  b e n e a t h  p a r a l l e l  s i 1 1 - 1 i k e
t russes.  They are  then ra . ised in to  p lace and secured t :o
c a r g o  b a y  a t t a c h  f i t t i n g s  o : n  t h e  u n d e r s i d e  o f  t h e
p reassemb led  t russ  work .  Th i s ;  p rocedure  au tomat i ca l l l y
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a l  i g n s  a n d  l e v e  I  s
superstructure.

Radiation

Folded

Conveyor
Belt

Support Slructure

tatch Mech.

Transporter
Jac* Mech. (4)

T h e  o v e r h e a d  t r u s s w o f k ,  w h i c h  m a k e s  u p  t h e  S u p e r
s t ruc tu re ,  es tab l i  shes  a  p rec i s ion  re fe rence  p la t  f  o : :m
above  the  i r regu l i a r  and  unp red ic tab le  l una r  su r face .
This arrangrement ensures erccura.te assembly and minimizes
the ground equipmer: t  and EVA exposure t ime required for
s i t e  p repa ra t i on .  Add i t i ona l l y ,  by  hav ing  separa te  and
independent  rad ia t :Lon pro l -ec t ion above the modules,  the
c r e w  c a n  c a n  i n s p e c t ,  $ e r v i c e  o r  r e p a i r  e x t e r n a l l t y
moun ted  equ ipmen t .  A l so ,  t h i s  o f fe rs  easy  remova l  and
replacement of  ent j . re modurles vi ' i th minimal disrupt ion to
system in tegr i ty .  '

LUNAR UTTLITY VEHICLE (LUV)

EVA on the lunar surface wi l l  be l imited by crew fat ig 'ue
a n d  r a d i a t i o n  e x p o s u r e .  T h e : r e f o r e ,  t o  c a p i t a l i z e  o n
usefu l  work  a t  the job s i te ,  u ,hee led rovers  and t .he LUV
are  used  to  m j -n im i : ze  t . rans i t .  t : Lme  (F ig .9 ) .  S i zed  to  f i t
wi thin the LLV cargo holdn the LUV f l - ies a two-man crew
and 460 0-kg pay load over  impas sab l -e  ter ra in  . Modular
s t a c k i n g  b i n s  a r e  s l u n g  b e n e a t h  t h e  v e h i c l e  f o r  e a s y
s u r f a c e  o p e r a t i o n s  a n d  s e r v e  a s  s t a n d a r d i z r e d
transportat ion cont.ainers for samples and equipment.

t h e  m o c l u l e s w i th i n  t . he  bas ;e
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Figure 9. The UJV Transports Crew zurd Equipment to Remote Sites
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LUNAR SPACE SUIT

The lunar  space su i t  and.  LU\ /  de s  ign we re
together  to  min imiz :e  cost  and complex i ty  (F ig .
su i t ' s  r i g id  upper  to rso  has  r=x tens ions  tha t
the  LUV f  l i gh t  deck .  W i th  th< r  f ee t  secu red ,
becomes a structurei l  part  of  the vehicle with
d isp lay  and cont ro l  funct ions.

cons  i de r ,ed
1 0 )  .  T h e
lock in 'Eo
the su: i t

integrat,ed

Figrne l0.Integrated Design forLunar Suis and Spacecraft

SUMMARY

The  enab l i ng  techno log ies  E r r€ ,  i n  p lace  and  the  NSTS
o f f e r s  a  h e a d s t a r t  i n  b u i l c l i n g  t h e  i n f r a s t r u c t u r e
requ i red for  permanent  lunar  l i rab i ta t ion.  The concepr t
descr j -bed in this paper uses the Shutt  1e '  s proven payloerd
re tent ion system and cargo bay modular i ty  to  deve lop a
c o m p r e h e n s i v e  i n f r a s t r u c t u r e  s t r e s s i n g  s i m p l e  u s e r
opera t i ons .

In the L 9 60 '  s r  w€ demonstr :ated that we coul-d go the t t re
Moon.  Th is  low-r isk  approerch for  re turn ing incorporaters
the dependabi l  i ty  o f  operat  ion ia l  sys tems and o f  f  e rs  an

,  in tegrated end- to-end in f ras t ruc ture  wi th  ear ly  emphas i .s
on sc j -ent i f  ic  and engineeri .ng ob ject ives .
NOTE: These are the views of ttreauthor and do not necessarily represent the views of The Boeing Company.
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