
AUTOMATIC IN-ORBIT ASSEMBLY OF LARGE SPACE STRUCTURES 

BY 

GEORGES G. JACQUEMIN 

LOCKHEED MISSILES & SPACE COMPANY 

INTRODUCTION 

Large space platforms employing nested tapered graphite-epoxy columns ref- 
erence 1 have been proposed for a number of applications such as communication 
satellites, multi-kilowatt power modules, large modularized antennas and geo- 
stationary platforms. Erection of these platforms which may be up to several 
square kilometers in size will require several Space Shuttle flights (about 10 
'per square kilometer) and will necessarily take place at space shuttle orbital 
altitude. Installation of platform payloads will a l s o  take place at this 
altitude and the completed unit will then be transferred to its final station 
by towing or under its own power. 

The structural concept of these platforms is based on the triangulated 
tetrahedral space frame described in reference 2. Although this concept is 
relatively simple, its assembly presents a number of unusual problems because 
of the large size (20 III columns) and the great number of components which must 
be connected in a vac;furn, zero gravity environment. This operation could be 
performed manually by astronauts in the course of an extra vehicular activity 
(EVA). However, the very large number of columns to be assembled (a full 
Space Shuttle load consists of about 3000 columns and 670 node joints) would 
require many hours of strenuous astronaut work in the restricted mobility of 
space suits. Therefore, it appears logical to consider mechanizing this pro- 
cess in order to lighten the astronauts work load. The automatic features of 
the assembly procedure should be such that only monitoring functions are 
required from the astronauts, with EVA'S being required only in case of dif- 
ficulties and to assist in loading and unloading supply cannisters. 

More complete details of the concepts discussed herein are presented in 
reference 3. 
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SPACEFRAME C O W  IGURAT I O N  

General Geometry 

The space platform under considerat ion i s  based on the  t e t r a h e d r a l  prin- 
c i p l e  which makes use  of tr i-dimensional t r i a n g u l a t i o n  t o  achieve r i g i d i t y .  
The s t r u c t u r e  cons i s t ing  of graphi te  epoxy columns connected by node j o i n t s  i s  
shown on F ig ,  1. Each node has connections f o r  6 columns i n  one plane and 3 
i n t e rp l ane  columns a The planview conf igura t ion  presents  the appearance of two 
sets of hexagons o f f s e t  with respec t  t o  each o ther  (Fig.  1). Each column i s  
20 m ( 6 6  f t )  long and a f u l l  Space S h u t t l e  load corresponds t o  the  assembly of 
a piatform having approximate dimensions 1-000 x 100 m (1/10 square k i lometer ) .  
Since each node j o i n t  connects 9 columns and each column i s  connected t o  two 
node j o i n t s ,  the  number of columns equals  4.5 t i m e s  t he  number of node 

whereg  i s  the  column length.  Therefore one square kilometer r equ i r e s  Nj For a given area, A, the  required number of node j o i n t s  is:  

de j o i n t s  and 25981 columns, i.e. approximately 9 Space S h u t t l e  loads,  

Fig.  I 

The design of t he  columns i s  
conditioned by the  Space S h u t t l e  
Stowage requirements. I n  order  
t o  a t t a i n  the  des i red  loading den- 
s i t y ,  column stacking i s  a neces- 
s i t y ;  t he re fo re ,  each column i s  
made of two narrow conica l  .ha lves  
with a connector i n  the  middle. 
The cones are t h i n  g raph i t e  epoxy 
s h e l l s ,  which allows nes t ing ,  o r  
s tacking i n  t h e  fashion of p l a s t i c  
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cups. The number of h a l f  columns which may be nested i n  one s t ack  wi th in  the  
length of t he  Space Shu t t l e  cargo bay is of the  order  of 50. Figure 2 pre- 
s en t s  some d e t a i l s  of the  columns and the  s tacking  mode. An a l t e r n a t e  concept 
makes use of f u l l  columns hinged a t  the  cen te r  thus allowing column e r e c t i o n  
by simple deployment about the  spr ing loaded hinge l i n e  without a l t e r i n g  the  
s tacking c a p a b i l i t i e s  of the  system. This type of column i s  equipped with a 
locking mechanism which i s  a p a r t  of its deployment system. 

The node j o i n t s  must 
provide adequate r i g i d i t y  t o  
the  assembly as  wel l  a s  ease 
of column inse r t ion .  One 
such design which meets these  
requirements i s  shown on 
Fig. 3 .  This node connector 
i s  self- locking and provides 
good r i g i d i t y  about a l l  axes.  
It can be disconnected man- 
u a l l y  without e f f o r t ,  even 
by an as t ronauts  wearing 
gloves,  a f ea tu re  which a l -  
lows easy r e p a i r s  and modi- 
f i c a t i o n s  t o  the  space s t ruc -  
t u r e  i n  EVA. 

ASSEMBLERS 

General Cri ter ia  

Fig. 3 

In view of the complexity and r e p e t i t i v e  na ture  of the  task  involved i n  
the assembly of these  l a rge  space s t r u c t u r e s ,  i t  i s  des i r ab le  t o  mechanize the  
process as much as poss ib le  and cont ro l  i t  through a computer by means of 
appropr ia te  software.  The major c r i t e r i a  which must be s a t i s f i e d  by these  
machines are as follows: 

Provide adequate j i gg ing  of the  node j o i n t s  f o r  accurate  column i n s e r t i o n  

Column i n s e r t i o n  performed by spec ia l i zed  robo t i c  devices us ing  approp- 
r i a t e  end e f f e c t o r s .  

Automatic capture  of node, j o i n t s  from supply cann i s t e r s ,  automatic r e l e a s e  
a f t e r  i n s t a l l a t i o n .  

Automatic capture  of columns from supply cann i s t e r s ,  con t ro l l ed  r e l e a s e  
a f t e r  i n s e r t i o n  i s  secured. 

Capabi l i ty  t o  operate  during "day" and "night" per iods e 

EVA backup mode f o r  emergency operat ion.  
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o Compact stowage of the machine in the Space Shuttle Cargo Bay and simple 
on-orbit assembly without need for special tooling. 

mechanisms are presented on Fig. 5. w 

Column insertion is performed by means 4 
of special mechanisms or robotic ma- 

Based on these criteria, two assembler designs have been conceptually devel- 
oped. They are presented below. 

K K  

CH 4 NO 
RE i.1 TR 

m a  w 

Assembler No. 1 

The general configuration of Assembler No. 1 is shown on Fig 4 .  It con- 
sists of a main frame which supports a crew and computer compartment on one 
side and six movable arms on the other side. These arms carry cannisters con- 
taining the supply of node joints and columns. Typical concepts of supply 
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Fig. 5 

SWING OVER TYPE COLUMN INSERTION MECHANISM c L $ q  

In operation, this assembler pro- 
gresses along the edge of the space 
platform, building it as it goes. Its 
sideways motion (traverse) is somewhat 
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similar to that of a crab as 
swinging arms are rotated to walk 
node to node on the platform. 
nodes are captured from the 
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cannisters, set in place and interconnected with columns, The design can be 
operated to traverse either to the right or to the left. Also it can be 
controlled to perform a change of row at the end of a traverse or to go around 
the corner of a triangle. All these maneuvers can be made computer software 
dependent, needing only astronaut supervision either by direct observation 
through the windows of the crew compartment or via spotlights and TV cameras 
during the night periods. 

Specialized Remote Manipulator System (RMS) - Column Insertion 
On this assembler, the column cannisters are mounted on the sides of the 

machine structural members, in close proximity to the final position of the 
columns. Column insertion is performed over generally short distances and 
along simple paths. Multi-degree of freedom robotic devices (similar to the 
Space Shuttle Payload RMS) have been considered to perform this operation 
because the same system can be used at all column insertion points, thereby 
simplifying the maintenance and spare parts problem. Such an approach is not 
very efficient from an operational standpoint since some degrees of freedom 
will be redundant at some locations. As an alternate, simplified assembly 
devices have been considered. In this case, the appropriate mechanism differs 
for each insertion since it must be adapted to meet local requirements. One 
such typical device is shown on Fig. 7. It consists only of the forearm and 
wrist with each hinge having only 
one degree of freedom. This 
mechanism follows a simple tra- 
jectory from the column cannister 
to the node joint and the wrist 
motion could be controlled by 
-purely mechanical means (e,g. a 
cam system). The end effector, 
however would still have to be 
powered and controlled separately. 

SWING-OVER TYPE COLUMN INSERTION MECHAhISLI, 
KINEMATICS OF INSERTION-COLUMNS @@@#.@ 

E- 
COLUMN 
PICK UP 
PO5 I T  ION 

LEFT HAND INSERTION RIGHT HAND INSERTION 

Fig. 7 

Column Cannisters 

In this application, it is assumed that the half columns would be assembled 
by a separate machine parked in the vicinity. This machine would receive the 
Space Shuttle load of cannisters, connect the half-columns together and insert 
them into the assembly machine cannisters. The astronauts, would then trans- 
port these cannisters to install them on the platform assembly machine. The 
design concept of these cannisters has not been detailed at this time but it 
is thought of as a mechanically driven system consisting of electrically or 
mechanically operated holding devices to move the columns and release them one 
by one upon demand. Each cannister must be approximately 21 m long (70 ft) 
and requires drive mechanisms at each end. Figure 5 presents the general con- 
figuration of these cannisters. 
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Node J o i n t  Cannis ters  

The genera l  p r i n c i p l e  of  a node j o i n t  cann i s t e r  i s  
shown on Fig.  8. The node j o i n t s  a r e  held i n  pos i t i on  
i n  appropr ia te  compartments and moved forward by a NODECAPTU 

mechanism somewhat s i m i l a r  t o  t h a t  of the  column 
cann i s t e r s ,  Upon reaching the  f r o n t  w a l l ,  t he  node j o i n t s  NODE 

a r e  caught by another mechanical t r anspor t  mechanism TRAP 

which d i r e c t s  them one by one t o  the  capture  chamber 
where the assembly machine node j o i n t  r e t a i n e r  can grasp 

CHAMBER 

RELEASE 

RETAINER RETRAC 
DURING TRAVERSE __ and swing them i n t o  place f o r  column i n s e r t i o n .  

Fig. 8 
ASSEMBLER NO. 2 

General P r inc ip l e  and Configurat ion 

An a l t e r n a t e  concept f o r  assembly of t e t r a h e d r a l  s t r u c t u r e s  is  presented 
on Fig. 9. In  t h i s  system, the  frame work i s  r i g i d  and serves  as t he  j i gg ing  
reference.  A set of four  t r acks  simultaneously provides the  t r a v e r s e  
t r a n s l a t i o n a l  f a c i l i t i e s  and the  node j o i n t  supply mechanism. The column can- 
n i s t e r s  are i n s t a l l e d  a t  on- 
l y  two loca t ions  on the  main 
frame and the t ranspor t  and 
i n s e r t i o n  of the  columns i s  
performed by four i d e n t i c a l  
robot ic  arms s imi la r  i n  con- 
cep t  t o  the  Space S h u t t l e  
-WS2 but  sca led  down and de- 
signed t o  m e e t  these spec ia l -  
ized requirements, Here 
again,  i t  i s  an t i c ipa t ed  
t h a t  the  h a l f  column assem- 
b ly  would be  performed sepa- 
r a t e l y .  However, i n  t h e  
case where folded self-de- 
ploying columns would be  
used, i t  i s  poss ib le  t o  per- 
form t h i s  operat ion on the  
machine i ts  e l f  thereby g rea t  - 
l y  s implifying the  whole 
assembly procedure. 

POWER SUPPLY 
RETRACTABLE SOLAR ARRAY 

Fig. 9 

Traverse Mechanism - Row Change 

The t r ave r se  mechanism i s  based on a t r ack  system which c a r r i e s  a set of 
ca r r i ages  dr iven by an endless  cha in fF ig .  10. The node j o i n t  r e t a i n e r s  are 
r e t r a c t a b l e  and may be given p rec i s ion  pos i t i on ing  c a p a b i l i t i e s .  The ca r r i ages  
can be loca ted  with p rec i s ion  by a t r ack  notch locking system capable of pro- 
v id ing  repea tab le  pos i t i ons  wi th in  spec i f i ed  to le rances .  
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The traverse motion is ob- 
tained similarly to that of a 
tracked vehicle with the node 
joint retainers getting hold of 
the node joint heads in a hand- 
over-hand fashion, under com- 
puter control. 

LARGE SPACE STRUClURE - NODE DRIVE MECHANISM 
/ IN SIDE COLIPARTYENT 

In order to change row, the 
machine must disconnect it se 1 f 
from the platform under con- 
struction and reposition it with 
respect to the track system. 
This is accomplished by using 
the four robotic arms to per- 
form the required manipulations. 

Fig. 10 

Specialized Robotic Assembly Devices - Column Insertion 

In this system, the columns must be picked up from the cannisters and 
maneuvered past a number of obstructions to be inserted into the node joints. 
This manipulation can be performed by robotic arms designed for this.purpose. 
The robotic manipulations required for this application can be designed to 
move small masses (a few kilograms) but must have the capability to operate at 
relatively high speeds. The procedure by which this can be achieved consists 
of defining the coordinates of the trajectories of each end of the columns. A 
-computer program directs the manipulator to follow these trajectories at spec- 
ified velocities varying with position. Thus accelerations can be controlled 
throughout the motion and allowances can be made for minimizing the effect of 
structural flexibility. 

Since for this assembler there are only four identical robotic manipula- 
tors located in very accessible positions, the problems of interchangeability 
and replacement are minimized. 

Column Cannisters 

Except for larger capacity, the design and mechanisms of the column 
cannisters would follow the principles outlined for those of Assembler No 1 .  
The larger capacity is desirable to reduce the number of loadings and unload- 
ings and to minimize the number of assembly interruptions. The location of 
these cannisters was selected for its ease of access and the freedom it affords 
in setting the maximum practical capacity. It is shown on Fig. 1 1 .  

Node Joint Cannisters 

The storage method and mode of transit of the node joints in their can- 
nisters is similar to that described for Assembler No 1 .  The size and shape 
of the cannisters is somewhat different to accommodate the particular condi- 
tions at the end of the tracks. Eight cannisters are required in each Space 
Shuttle load to carry the complement of node joint corresponding to the number 
of columns. 
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CHAIN DRIVES 
MECHANISM 

U R G E  SPACESTRUCTURE 

DRIVE MECHANISM 
ASSEMBLER NO. 1 

SLECTRIC VIA STEPPER MOTOR 

Fig. 11 COLUMN STORAGE C DISTRIBUTOR 
COLUMN WSITIONING CONTROLLED 
DV TRIP SWITCHES 

(COLUMN ASSEM5LY SEPARATE) 

STRUCTURAL DETAILS OF ASSEMBLERS FRAMES 

The structural concept considered for the basic frame of either assemblers 
is the Warren Truss made from graphite epoxy or aluminum members. These 
structures are of collapsible type which is self-erectable under the power of 
spring loaded four-bar linkages. "hus, structural components can be built up 
on the the ground, deployed in orbit and connected together to form the basic 
frame. The collapsed elements can be stowed under minimum volume into the 
cargo bay of the Space Shuttle. Erection of the assembler is therefore con- 
sidered as an EVA operation. 

CONCLUSION 

, In view of the very large number of components required for the on-orbit 
erection of large tetrahedral space platforms, their automated assembly is a 
necessity if the work is to be carried out in a reasonably short time and 
without undue strain for the astronauts. 

The assembly machine is a huge jig in which a multitude of mechanisms must 
operate continuously in the thermo vacuum environment of space and under the 
control of computers programmed to command every step of each motion. 

The concepts presented in this paper must be refined to determine the most 
reliable solution. Continuous operation of mechanisms in space presents many 
unresolved problems, particularly with regard to lubrication of unprotected 
devices, such as chain drives, which must maintain reasonable positioning 
tolerances. 
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