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PREFACE 

The research reported herein i s  a continuation o f  work reported ear l  i e r  

i n  ref. 1, and was conducted a t  Howard Univers i ty under NASA Grant NSG 1320: 

Graduate Research Program i n  Advanced Aerospace - Structures during the period 

February 1980 through December 1980. 

Supervisor f o r  t h i s  pro jec t  was D r .  I r v i ng  W. Jones. The work has been 

monitored by Dr. G. C. Horner and Mr. Joseph E.  Walz o f  Langley. Assist ing 

i n  t h i s  phase o f  the work have been graduate assistants Cdster D. Williams 

and Steve 0. Mitchel l ,  and undergraduate assistant  Thomas Green. 

The laboratory work was perfonned under the d i r ec t  supervision of 

M r .  Wil l iam B. Steward, engineering technologist, who a lso col laborated w i th  

D r .  Jones on the design of the FET tes t i cg  mac3ine and prepared the working 

drawings. Vendors who provided materials and services are named i n  various 

sections o f  the report.  

A separate report, r e f .  2, i s  being submitted t o  the Off ice of Research 

Grants and Univers i ty qffairs, LaRC, which chronicles the general pmgres; of 

the Graduate Research Program, wi th  mphasi s on the progress and azcompl i sh- 

ments of the par t i c ipa t ing  students since tne program began. 



ABSTRACT 

This r e p o r t  presents the  r e s u l t s  of Phase I1 of an i nves t iga t i on  of a  

type of fo ldable s t r u c t u r a l  member t h a t  might be s u i t a b l e  f o r  use i n  se l f -  

deploying space st ructures;  speci f i c a l  l y ,  s t ruc tures  h i c k  depl ay through 

the use of released s t r a i n  energy. 

Phase I of t h i s  invest igat ion,  documented i n  an e a r l i e r  repo r t  ( r e f .  I ) ,  

consisted of the  design and f a b r i c a t i o n  o f  a s e t  of f o ldab le  e l a s t i c  tube 

t e s t  specimens, the  design and construct ion o f  a  special  -purpose t e s t i n g  

machine t o  measure the  deployment charac ter is t i cs ,  performance of the  f i r s t  

ser jes of tes ts ,  and an ana lys is  of the t e s t  r e r u l  t s .  A l l  o f  the  tasks 

leading up t o  the t e s t i n g  were accomplished w i th  general ly  s a t i s f a c t o r y  re-  

su l t s .  The specimens of t he  f i r s t  t e s t  series, however d i d  not  deploy 

(unfold) successfully, bu t  instead, s e t t l e d  i n t o  a  p a r t i a l l y  bucki ed s t a t e  

j u s t  as they had almost completed the  ~ ~ n f o l d i n g  ac t ion .  Th is  r e s u l t  corro-  

borated the  conclusion of an e a r l i e r  i nves t i ga t i on  conducted elsewhere. 

(ref.  5 )  

The cont inuat ion  o f  t he  study from t h a t  point ,  which b-s consisted of 

makcng various modi f icat ions t o  the  tube design, re - tes t i ng  the  tubes and 

ana?yzing the new r e s u l t s  has been defined as Phase I1  of the  study. I t  has 

been completed and i s  reported herein. 

One type of modi f ied tube, referred t o  as the  s l o t t e d  tube, deployed 

successfu l ly  and r e l i a b l y ,  and h6s become the focus of the  continued work. 

Establ i s h e n t  o f  optimal design c r i t e r i a ,  t a k i , ~ g  i n t o  considerat i on  

deployment as we1 1  as s t rength  and buck1 ing  behavior, i s  the u l t i m a t e  ob- 

j e c t i v e  o f  t h i s  p ro jec t .  
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1. INTRODUCTION 

1.1 Background 

The fo ldab le  s t r u c t u r a l  members being s tud ied  i n  t h i s  i n v e s t i g a t i o n  a r e  

among candidate types f o r  use i n  so-cal 1  ed " s t r a i  n-energy deployable" t russ  

st ructures;  t h a t  i s ,  a  type of t russ  s t ruc tu re  which can be folded up i n t o  a  

dense package w i t h  some members being fo lded sharply  i n  h a l f ,  remaining e las-  

t i c  and thus s t o r i n g  s t r a i n  energy. The folded s t r u c t u r e  i s  res t ra ined  i n  

t h i s  conf igura t ion  fo r  launch i n t o  space, whereupon i t  i s  released t o  deploy 

through the  u t i l i z a t i o n  o f  the  stored s t r a i n  energy. 

The p a r t i c u l a r  type of fo ldable member inves t iga ted  here i s  one which 

has been c a l l e d  i n  some previous l i t e r a t u r e  a  bi-convex fo ldab le  e l a s t i c  tube 

(BFET), a closed th in -wa l led  c y l i n d r i c a l  tube made up o f  c i r c u l a r  c y l  i n d r i c a l  

segments jo ined t o  form the  shape shown i n  Fig. 1-1 E a r l i e r  research on the  

BFET has been reported i n  re f s .  1, 3, 4 and 5 .  The concept of employing as 

a  fo ldable member a  tube whose cross-sect ion can be f l a t t ened  and thus remain 

e l a s t i c  i s  a t t r a c t i v e  because of i t s  s i m p l i c i t y .  It dispenses w i t h  the  need 

f o r  a mechanical hinge o r  spring. However, desp i te  e a r l y  o p t i m i s t i c  r e s u l t s  

w i t h  t h i s  type o f  tube ( re f .  3), i n  the  most recent  study c i t e d  above, r e f .  5, 

and i n  the  present study, i t  has demonstrated a  serious shortcoming. That i s  

t h a t  i n  maw instances when the tube has aimost completed i t s  un fo ld ing  a c t i o n  

and i s  w i t h i n  about 15 degrees of becoming s t ra igh t ,  and the  prev ious ly  

f l a t t e n e d  center region i s  snapping back and t o  i t s  o r i g i n a l  shape, the tube 

s e t t l e s  i n t o  a  s t a t e  o f  s tab le  equ i l i b r i um i n  a  s l i g h t l y  buckled conf igura t ion .  

Ref. 5, which documents an extensive experimental and theo re t i ca l  i nves t i ga t i on  

of the BFET, repor ted repeated occurences o f  t h i s  phenomenon, and gives a  

theo re t i ca l  proof  o f  the existence of such a  buckled e q i l  ib r ium s ta te .  Ref. 1  
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a .  Section o f  BFET 

--+--- 
b. Tube Cross-section 

c . .  Tube P a r t i a l l y  Folded 

Fig.  1 . l  Bi-Convex Foldable E l a s t i c  Tube (BFET) 



which reports on phase I of the present project ,  c l  tes fu r the r  examples o f  

t h i s  behavior, which imply the need f o r  a design modi f icat ion o r  abandonment 

of the design. 

1.2 Scope and Objectives 

This repor t  contains the resu l t s  of making various modi f icat ions t o  the 

BFET i n  an e f f o r t  t o  e l iminate the buckl ing problem. It was found tha t  by 

cu t t ing  narrow s lo ts  i n  the central  region o f  the tube, i n  the long i tud ina l  

{x ,  i n  Fig. l . l a )  direct ion,  the buckled s ta te  could be avoided and the tube 

would deploy completely. These s l o t s  serve t o  r e l i eve  the high compressive 

s t ra ins  tha t  develop i n  the tube i n  the l a t e r a l  ( y )  d i r ec t i on  as i t s  

center region attempts t o  snap through. After discovering tha t  t h i s  appmach 

was successful, the object ive o f  subsequent work was t o  determine the optimum 

width, length and locat ion f o r  the s lo ts  and the sac r i f i ce  i n  strength and 

s t i f fness  due t o  t h e i r  insert ion,  t o  re - tes t  the tube specimens under the 

same conditions as was previously done, and t o  analyze the t e s t  resu l t s  i n  

order t o  r e l a te  the s t r a i n  energy released t o  the tube geometry mathematically. 

The resu l t s  of these ef for ts are  detai ied i n  sections 2 through 5 of the report.  

Sane material from re f .  1 i s  repeated here i n  order t o  make t h i s  repor t  a 

complete and independent documentation o f  the pro jec t  t o  date. 



2 .  TEST SPECIMENS 

2.1 Geometry 

When the s i x  c i r c u l a r  arcs forming the  cross-sect ion of t he  BFET are 

i d e n t i c a l ,  as i s  the  case i n  t h i s  study, the cross-sect ion shape can be 

uniquely def ined by any two o f  the parameters R, and f, shown i n  F ig.  2. la.  

For t h i s  analys is ,  the independeqt parameters were chosen as R, the arc  

radius, and f, a measure o f  the tube f la tness ,  which i s  defined as f = A / R ,  

where x i s  the  o f f s e t  o f  the  c i r c u l a r  a rc  center from the  mid-plane. The 

value o f  f can vary from 0 t o  1, w i t h  the  extremes being f = 0 (a cross- 

sec t ion  whose cen t ra l  por t ions  i s  round) and f = 1 (a completely f l a t  cross- 

sect ion) .  

For t h i s  inves t iga t ion ,  i t  was desi red t o  have an ar ray  o f  30 t o  40 

shapes vary ing i n  both s i ze  and i n  f latness, bu t  having the same wa l l  t h i c k -  

ness, t = 0.010 inches, and length, r = 48 inches. 

The wa l l  -thickness, length  and range of cross-sect ion s izes were a l l  

establ ished such t h a t  the t e s t  specimens would represent the center  reg ion  

o f  an actual  l a rge  space t russ  member, as i t  i s  expected t o  be proport ioned, 

according t o  some p r t l i m i n a r y  NASA s tudies (e.?.,  r e f .  6 ) .  The f o l d i n g  i n  a 

15' t o  20' member would be expected t o  take p lace we l l  w i t h i n  the 48" l eng th  

t h a t  was assi  3ned t o  those spec'mens ( F i q .  2.1 l b )  . 
Due t o  (1 )  inaccuracies i n  forming o f  the specimen halves by the  rubber 

pad process, ( 2 )  small changes i n  shape t h a t  occured when the specimens were 

handled f o r  seam welding, and ( 3 )  f u r the r  small changes i n  the heat t r e a t i n g  

process, the specimens, when ready f o r  t es t i ng ,  d i d  no t  have exac t l y  the cross- 

sect ion contours t h a t  were o r i g i n a l  l y  designed. But, as can be seen from 

Table 2.1, the se t  o f  33 specimens covered a wide enough range of r a d i i  

(1.41" < R < 5.91") and flatnesses (0.07 < f < 0.89), t u  s a t i s f y  the o r i g i n a l  

goals i n  those categor ies.  As i s  shown, the specimens were categorized i n t o  



a.  Cross-section Parameters 

X 

R = arc  radius of curvature H = overa l l  width 
A = mid-plane to  curvature center 0 = overa l l  depth 
f = x / R  = flatness S = a r c  length of % section 
0 = arc opening angle t = wal l  thickness 

b. Flatness 

I 

LASS Member Length 

15 - 20 ft. I 

t 1 

Specimen Length 

F i g .  2 . 1  TEST SPECIMEN GEOMETRY 



TABLE 2.1 
TEST SPECIMEN DATA 

VERY speiiq FLAT 

NA- 1 
NA-2 
NB-1 
NB-2 
N B-3 
NB-4 
NB-5 

MODERATELY FLAT 1 I 
NC- 1 
NC-2 
NC-3 
ND- 1 
ND-2 
NO-3 
NE- 1 
NE-2 
NE-3 

SLIGHTLY FLAT I I 
NG-1 
NS-2 
NG- 3 
NG-4 
NG-5 
NG-6 

Radius, R 
i n .  

ROUND I I 

Of fse t ,  A 
i n .  

Fla tness ,  f 
Slot I M-8 Curve 

F i g .  5-6 

Fig. 5-2 
Fig.  5-8 

Fig.  5-9 

F ig .  5-10 

F ig .  5-11 



d T u b e  

F i g .  2.2 M O D I F I E D  BFET CONFIGURATIONS 



groups with similar radii ( R )  and offsets ( x ) . Thus, they could be given 

id~ntifications according to group (NA through N H )  indicating general size 

and dqree of f 1 atriess, the cross-sxtion properties having been measured 

directly froa penciled outlines of the spec;men ends. 

2.2 Material and Fabrication 

The success of the foldable elastic tube concept depends upon the tube 

remaining elartic throughout when it i s  folded sharply i n  half through 1800. 

Therefore, the tube must be made of a material w i t h  h i g h  yield strain (high 

yield stress and/or low modulus of elasticity) . Also, fabrication a i d  

strength-to-wei g h t  considerations dictate that +he material have adequate 

formability, weldability and low density. The material chosen for this study, 

a ~tainless  steel, possesses a11 of these qualities, as do t i t a n i u m ,  some 

nard copper alloys and composites. The selected rmterial, Amo 17-7PH 

stainless, proved t o  be satisfactori 1y formable in the annealed cortdi t i o n  

and hardenable to sufficiently high strength levels by the use of a standard 

heat treatment. Fabrication practices for 17-7PH are the same as for other 

chromium-nickel stainless steel s. Specified mechanical properties at  room 

temperatzre, as we1 1 as properties determined from tests on t h e  material used 

in this project are shown in Table 2.2. To obtain the I3tter, standard ten- 

sile coupons were cut from sheets of the 17-7PH material t h a t  had been subjec- 

ted t o  the hezt - t re3 faer - i~  along w i t h  the test specimens. These were trsted 

and the results were as shown. The yield strengths averaged 179,500 and 189,500 

psi i n  the direction of roll and transverse direction respectively. The yield 

strength i n  the roll dir2c:ion was a l i t t l e  below the supplier's specified 

value of 185,000 psi, b u t  was sufficiently high for our purposes (See ref. 7 ) .  

The specimen halves were formed by the Guerin, or rubber pad, process. 



TABLE 2.2 

ARMCO 17-7PH STAINLESS STEEL PROPERTIES 

SPECIFIED MECHANICAL PROPERTIES, ROOM TEMPERATURE 

I Typical Properties I 
Condition U l  t jmate Tensi le 0.2% Tensile Elongation Hardness, 

Strength, ps i  (Mpa) Y ie ld  Strength % i n  2" Rockwel ! 
ps i  (Mpa) ( 5 0  m) 

I 1 

ANNEALED 130,000 (896) 40,000 (276) 35 085 

PROPERTIES OF MATERIAL USED I N  T H I S  INVESTIGATION 

Condition U l  t imate Tens i 1 e 0.2% Tensile E l  ongat ion Hardness, 
Strength, ps i  (Mpa) Yield Strength ,̂ i n  2 "  Roc kwel I 

ps i  (Mpa) (50 m) 

I ANNEALED Longitudinal : 

Transverse: 

146,000 ( 1006) 53,000 (365) 2 8 B 7 5 

MI050 Longitudinal : 179,500 

Transverse : 189,500 I 



Rubber pad forming employs e i t h e r  a mono1 i t h i c  o r  layered rubber pad encased 

i n  a heavy rc ta inc r .  The pad ac ts  i n  t h e  manner o f  t he  recessed p a r t  o f  a 

die. A form block ac ts  as the  punch i n  conventlonal forming. The block i s  

secured e i t h e r  t o  the  ram o r  the p la ten o f  the press. The blank ( tne piece 

t o  be formed) i s  posi t ioned between the form b lcc4 and the  rubber pad, and 

as the two are brought together, the blank i s  forced i n t o  the rubber pad and 

i s  bent i n t o  the shape of t he  form block. The rubber acts somewhat l i k e  a 

hydrau l ic  F lu id  i n  exs r t i ng  near ly  equal pressure over the surface of t he  

blznk. 

l'he forming set-up was as fa l lows.  A mul t i - layered rubber pad was en- 

cased i n  the s tee l  r e t a i n e r  box. The box was supported on two s tee l  horses 

which were already ava i lab le  i n  the laboratory.  Above, the prec ise ly  con- 

tured f ~ r m  block was secured t o  the 4 '  x 4 '  head p l a t e  of the 600,000 I b .  

capacity universal t e s t i n g  machine, which was u t i l i z e d  as the  press. Each 

rectangular sheet, o r  blank, was posi t ioned on the form block by i n s e r t i n g  

i t s  two loca t inq  holes i n t o  the corresponding two loca t ing  p ins (one b t  each 

end) on the block. The blank was lub r i ca ted  w i t h  drawing kax  p r i o r  t o  fasten- 

ing. As the press was lowered, the  blank was formed i n t o  the shape o f  t9e 

blcck;  upon renioval of t he  pressure, i t  sprang back t o  2 shape of lesser  cur-  

vature. The form blocks were designed w i t h  shapes sucn thz t ,  t heo re t i ca l l y ,  

the specimen h a l f  shculd re lax  i n t o  the originally planned shape a f t e r  sprinq- 

back. A t yp i ca l  form-block i s  shown i n  Appendix A. 

2.3 S l o t  Configurations 

The idea of c:r t t ing s l o t s  i n  the tubes suggested i t s e l f  dur ing observa- 

t ions  o f  the e a r l i e r  t es ts  or  the closed tllbes ( r e f .  1). It a~pearec' t h a t  

some type of stress a1 l e v i a t i o n  device was needed t o  remedv the buck1 inq  

problem. S l o t t i n g  the tubes makes ths  snap-throuqb phase o f  deployment 



easier by reducing the cornpressjve strains and stresses in the lateral direc- 

tion, due to the insertion of free edges. 

The arrangements of the slots were established in such a way that the 

tubes might both deploy fully and matntain sufficient bending stiffness. 

Three configurations, as shown i n  Fig .  2.2, were conceived, For convenience, 

these are referred to i n  later  sections of the report as follows: 

. Free-Edged (FE) - Thc sear weld and material 1/16 inch inside 

i t  cut away to produce free edges on upper and lower halves of 

tube. 

. Single-Slotted (SS; - One s lot  cut on each side (compression 

and tciision (o r  + Z and - Z )  sides of tube along i t s  center- 

line, or  X - 1( axis. 

. Double Slotted (DS) - Two slots cut on each ( + Z  and - Z ) sides 

of tube along the 1 ine of tangency cf the c i  mu1 ar cylindrical 

sections. 

The workabi 1 i t y  of these three configurations, as we1 1 as the required 

width and length of the slots was investiqated through ar  incremental process. 

Initially, the slots in the single and double-slotted tubes were made 1/16 

inch wide, and for al l  three configurations the incisions were eight inches 

long. A1 though the slots  are needed only on the side of the tube t h a t  i s  in 

compression when folded, they were cut on both sides t o  preserve s - m t r y  and 

local b~ckl  i ng resistance. 

The slots were cut into the tubes by mounting the tube in a milling machine, 

with a mandril (pipe) p:aced inside f o r  internal support, and then cutting the 

slots with carbide mill ends. 



3. FET TESTING MACHINE 

3.1 Design 

An assembly drawing o f  the t e s t i n g  machine i s  shown i n  Fig. 3.1 and 

photographs of i t  i n  Fig. 3.2. As i s  shown, the  machine has twc arms, one 

f i x e d  and one which ro ta tes ,  hinged a t  a cen t ra i  v e r t i c a l  shaft: The arms 

are each approximately 5+ f e e t  long, and are made of rectangular  aluminum 

tublng. The cen t ra l  f i t t i n g s  comprising the hinge a re  made of machined 

aluminum and are i n s t a l l e d  I n  b a l l  bearings f o r  minimum f r i c t i o n .  This 

assembly r e s t s  on a support ing stand, and the arm ro ta tes  i n  a ho r i zon ta l  

plane. Near the outboard end o f  each am i s  a mounting p l a t e  onto which a 

specimen end piece ( i n s e r t )  i s  attached. The specimen i s  thus f i r m l y  s i t u -  

ated h o r i z o n t a l l y  between the  mounting p la tes .  This upper assembly i s  

attached t c  the arms by f l e x  p lates,  which permi t  the  specimen t o  extend un- 

i n h i b i t e d  i n  i t s  l ong i tud ina l  ( X )  d i rec t i on .  Appendix 5 shows the  quasi- 

s t a t i c  fo rce  d i s t r i b u t i o n  through various sect ions, and the specimer under 

a pure bending mment. 

3.2 Operation 

H i t h  the arms i n  the extended con f i gu ra t i on  and the t e s t  specimen bo l ted  

t c  the plates,the tube i s  completely f l a t t e n e d  i n  the center region, and the 

0 
specimen (alonq w i t h  the movable arm) i s  ro ta ted  through 180 . The reac t i on  

against the s ta t i ona ry  am. i s  sensed by a load c e l l  mounted agdinst  i t  near 

the outboard end. The shaf t  o f  the movable arm i s  connected beiow t o  a 

va r iab le  speed gear d r i v e  t h a t  was inst.al led t c  regulate the  r a t e  o f  unfo ld ing.  

A magnetic c l u t c h  mounted on the shaf t  permits completely free re lease of  the 

specinen when t h i s  node i s  desired. 

As the specimen unfolds ana the r e s i s t i n g  force i s  measured by the l cad  

c e l l ,  an angular displacement transdbcer simultaneously measures the  anole of 

r o t a t i o n .  Thv s igna ls  from these instruments actuate an x-y recorder  which 
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4 .  TEST PLAN 

4.1  Background: Test Results from Phase I 

I n  Phase I of t h i s  p ro jec t ,  t r s t s  were performed on ;even specimens 

( s i x  d i f f e r e n t  shapes), and r e s u l t s  a re  presented i n  r e f .  1. The specimens 

were tested an average of th ree  times each a t  d i f f e ren t  angular v e l o c i t i e s .  

I n  every case the tube was folded as compactly as possib le w i t h  the two 

halves p a r a l l e l  and i n  contact.  The f o l d  r a d i i  were recorded. 

The r e s u l t  o f  the t e s t  ser ies  was t h a t  on ly  two o f  the seven specimens 

deployed f u l l y .  The other  specimens came t o  r e s t  ( i n  se l f -equ i l i b r i um)  i n  

some bent pos i t i on .  The tubes, however, remained e l a s t i c  and could be pushed 

back ou t  t o  t h e i r  o r i g i n a l  shapes by the expertmenter, and re- tested.  There 

were some sma:l wr ink les a f t e r  the f i r s t  t e s t .  The same behavior repeated 

i t s e l f  on these f i ve  tubes i n  subsequent t es t s .  A t y p j c a l  moment versus 

angle curve f o r  a tube behaving i n  t h i s  manner i s  shown i n  F ig.  4.1,  where i t  

can be seen t h a t  equ i l i b r i um i s  reached when the  tube i s  a t  a angle of about 

lo0.  These r e s u l t s  are presented i n  d e t a i l  i n  ref .  8. 

The on ly  tube which both deployed f u l l y ,  and remained sound s t r u c t u r a l l y ,  

was one o f  the f l a t t e s t  ( f  = 0.78). One of the rounder ones ( f  = 0 . 4 2 ) .  

exh ib i t ed  a d i f f e r e n t  behavior. I t  f a i l e d  t o  deploy f u l l y  a t  f i r s t ,  bu t  l a t e r  

deployed completely, b u t  by t h i s  t ime the mater ih l  i n  the center reg ion  showed 

cracks on the compr~ossion side. 

Our major conclusion from t h i s  ser ies of t es t s  was t h a t  general ly ,  t h i s  

type o f  tube i s  subject  t o  s e t t l e  i n t o  a s l i g h t l y  bent pos i t i on ,  w i t h  the 

compression s ide of the csntei- reg ion  not completely expanding t o  i t s  o r i g i o a l  

contour. 

A l i t e r a t u r e  search f o r  previous experimentation w i t h  t h i s  type of tube 

used as a fo ldab le  member y ie lded  repor ts  on cn ly  the two i nves t i ga t i ons  





c i t e d  e a r l i e r .  One was conducted a t  NASA Lewis Research Center i n  1965 

( r e f .  31, and the o ther  was the research conducted f o r  the  European Space 

Research Organizat ion and repor ted i n  1973 ( r e f .  5. ) . 
4.2 Deployment Test Procedure 

The modified BFET's were tested us ing the  same procedure t h a t  was used 

prev iously .  The order i n  which the  three conf igurat ions were tes ted  was 

establ ished on the basis  o f  t h e i r  rankings as s t r u c t u r a l  members, aside 

from considerat ion o f  deployment. On t h i s  basis,  the  free-edged tubes were 

tested f i r s t  s ince they had the l e a s t  amount of l c s t  bending s t i f f n e s s  due 

t o  the inc is ions ,  and the s ing le -s lo t ted  and double-s lot ted fo l lowed i n  tu rn .  

It was a t  f i r s t  bel ieved t h a t  the  s t i f f n e s s  losses i n  the  l a t t e r  two types due 

t o  the s l o t s  would be i n s i g n i f i c a n t ,  bu t  as i s  shown l a t e r ,  t h i s  was not  the 

case. 

The f i r s t  te;t run  on a new specimen consisted, as before, of the  e i g h t  

steps l i s t e d  below. Steps f i v e  through e igh t  were repeated fo r  any subsequent 

t e s t s  run  on the same specimen. 

(1) I n s t a l l a t i o n  o f  Wcdd Inse r t s  

( 2 )  Attachment o f  End Plates 

(3)  Mounting i n  the Test ing Mach1 ne 

( 4 )  Set t ing  up the x-y Recorder 

( 5 )  Folding o f  Specimens -(accomplished as a two-step procesc- 

co l laps ing  then bending) 

( 6 )  Se t t i ng  o f  Angular Ve loc i ty  

( Releasing the Specimen t o  Unfold 

( 8 )  Measurement o f  S t ra in  Energy Using Planimeter 



5. TEST RESULTS 

5.1 Free-Edged Tube 

The specimens c u t  i n t o  t h i s  con f i gu ra t i on  were those ind ica ted  i n  Table 

2.1 by "FE". Seven such s~ecimens were c u t  a f t e r  some pre l iminarq t r i a l s  on 

one specimen ind i ca ted  t h a t  t h i s  innovat ion might work. Pa i rs  o f  specimens 

w i t h  very s i m i l a r  contours were selected from Table 2,1, one of each p a i r  t o  

be cu t  i n t o  the  free-edged shape and the o ther  f n t o  the  s l o t t e d  conf igurat ion,  

so t h a t  performance .omparisons could be made. However, a f t e r  several of the 

free-edged specimens f a i l e d  t o  completely deploy, it was c l e a r  t h a t  t h i s  de- 

s ign  was n o t  a re1 i a b l e  one and it was abandoned. 

5.2 Single-S1 o t t e d  Tube 

A f t e r  i t  was determined t h a t  the  free-edged tube was no t  a v i a b l e  design, 

a t t e n t i o n  was focused on the s ing le -s lo t ted  tube. The specimens t h a t  were 

modif ied i n t o  t h i s  conf igurat ion are  those noted by "SS" i n  Table 2.1. Jn a l l ,  

l? specimens o f  t h i s  type were prcpareo and testea, a f t e r  p re l im ina ry  t e s t s  on 

two specimens gave i n d i c a t i o n  t h a t  t h i s  type o f  tube would deploy on successive 

attempts. Fig. 5.1 shows t h i s  and the o ther  two conf igurat ions.  

An incremental approach was taken i n  s e t t i n g  the dimensions of the s l o t s  

so t h a t  optimum length  and w id th  could be found and no ~ n n e c e s s a r i l y  l a r g e  cu ts  

would be made. The s l o t s  were f i r s t  c u t  1/16 inch wide and 8 inches long. 

Tests otl s?veral specimens w i t h  t h i s  f o n  ind ica ted  that ,  wh i l e  they would 

f u l l y  deploy i n  a ma jo r i t y  o f  cases, i n  o ther  cases they would not .  Even when 

they d i d  unfold completely, the s l o t  would c lose  when the  specimen was folded 

up, and the edges of the s l o t  would b u t t  cogether as the specimen was under- 

going the un fo ld ing  act ion,  a l l  the way t o  the p o i n t  where the  center  sec t ion  

was snapping back ou t  t o  the o r i g i n a l  shape. This negated the  func t i on  of the 

s l o t  t s  a compressive t ress  a l l e v i a t i n g  device. The moment-versus-angle curve 

obtained from a t y p i c a l  specimen o f  t h i s  type i s  sk,ahn as Fig. 5 . 2 ,  where the 







jagged part of the curve indicates resistance due to the rubbing of the slot  

edges against each other. I t  was also observed that onl: about a four inch 

length of the tube, in the center, ccmprised the folded region of the specimen. 

In view of the above observations, the central four inches of the slots 

were widened by a small amount a t  a time t o  produce the slot  shape shown i n  

Fig. 5-3. The slot i n  each specimen was incrementaliy widened until a smooth 

k s 

Fig. 5.3 Slot Configuration 

deploying action was achieved. The final widths of the slots ranged between 

!j inch and 7/16 inch. The required w i d t h  turned o u t  to be approximately in- 

versely proportional to the specimen flatness, but bore no discernable relation- 

ship lo  any other parameters, a t  least within the range of specimen sizcs test- 

ed. The approximate relation for slot width ws was: 

f ' 0.8: Ws - 1/4" 

For 1.5 < R < 6, and f - 0.E: Ws - 3/8" 

f ' 0.4: ws - 7/16" 



The moment-versus-angle (M-e)  curves for  selected specimens of  each 

group (NA through NH) a re  shown i n  Figs. 5.4 through 5.11. These curves have 

the c h a r a c t e r i s t i c  shape f o r  the s t r a i n  energy deployable member. The 

moment decreasec gradua l ly  from i t s  i n i * i a l  value as the  curvature i n  the 

fo lded reg ion  decreases, and then as the  center  sec t ion  expands, increasing 

the  moment o f  i n e r t i a ,  the mment r i s e s  t o  a peak, then goes t o  zero as the 

tube i s  f u l l y  extended. The curves of Figs. 5.4 t o  5 .I1 show the  behavior 

o f  specimens i n  the  order  o f  increasing roundness, and i t  can be noted tha t  

the  smooth curves dep ic t ing  the be9avior of the  very f l a t  and moderately f l a t  

-. 
specimeos, t igs .  5.4 t o  5.9, a re  fo l lowed by more jagged cJrves fo r  t he  

rounder shapes. Tnis was because the snapping through of the l a t t e r  contours 

was more sudden and vigorous, w i t h  the peaks i n  the  curve represent ing the  

snapping through o f  small dimpled areas o f  the  specimen. 

5.3 Double-Slotted Tub2 

During experimentat ion w i t h  thz  s ing le -s lo t ted  t ~ $ e ,  i t  became apparent 

t h a t  the width of s l o t  requi red was great enough t o  have a measurable a f f e c t  

on the bendinq c t i f fness .  Calculat ions ind ica ted  t h a t  the  loss  o f  bending 

s t i f f ness  ranged between 5.5% and 23.;. due t o  removal of mater ia l  s t  the  ex- 

t rens  f i b e r  o f  the cross-sect ion (See Table 5.1). This r e s u l t  l e d  t o  i n v e s t i -  

ga t ion  o f  the doubls-s lot ted tube as a type t h a t  may deploy as we l l  and r e t a i n  

a greater  amou~it z f  thp o r i g i n a l  bending bt i f fness.  Research on two tilbes, 

Ni-3  and NH-1 , w i t h  c u i t e  d i f f e r e n t  dimensions has shown t h a t  t h i s  type 

deploys successfu l ly  i f  the t o t a l  w id th  of t h ~  two s l o t s  i s  the :3me as the 

s l o t  width o f  a comparable s i n g l e - s l c t t e d  tube;  i .e., w i t h  two s l o t s ,  arranged 

symnetrica? l y  on eacn (compression and tension) s ide  and each having w id th  

No quan t i t a t i ve  date were acquired on s t r a i n  energy released i n  the 

double-s lot ted tube, b u t  experience has shown tha t  if the tube dep!oys, the 



s t r a i n  energy w i l l  not  vary s i c n i f i c a ~ t l y  whether the ~ o e  has one o r  two s l o t s .  

Therefore, the q u a n t i t a t i v e  mater ia l  i n  the next sect ion,  acquired from s ing ie -  

s l o t t e d  tubes can be app l ied  t o  the double-s lot ted tube as w e l l .  This type i s  

probably the more des i rab le  w i t h  a1 1 factors considered; the bending s t i f f ness  

l c s s  due t o  s l o t t i n g  i s  on ly  one-fourth of t h a t  f o r  the s ing le -s lo t ted  tube. 

5.4 Approximate S t r a i n  Energy-Geometry Relat ionship 

The amounts o f  s t r a i n  enerqy released i n  deploying the s ing le -s lo t ted  tube 

specimens i n  t h i s  t e s t  program can be sumnarized as fo l lows:  The mean valde 

f o r  a1 1 specimens was 150 I S - i n s  wh i l e  the range o f  values was 12F.t" 5 U 5 176b". 

This was the r e s u l t  f o r  a range o f  specimen proper t ies  of 1.9" . R < 5.9" and 

0.10 < f 0 . S .  arc radius and f l a tness  respect ive ly .  

As a f i n a l  task i n  the inves t iga t ion ,  an e f f o r t  was undertake0 t o  general i ze  

the r e s u l t s  s ta ted  above by developinp, from a s t a t i s t i c a l  analys is ,  on approxi-  

mate mathematical expression r e l a t i n g  s t r a i n  energy t c  the two independent 

var iables R and f. k,.-ious funct ional  forms dere tes ted  fnr r e l a t i v e  accuracy, 

w i t h  mult . ip le regression analyses per-forred us ing the IBM S t a t i s t i c a l  Analysis 

Package conta in ing the m u l t i p l e  reqression subraut ine MULTR. This work i s  

de ta i l ed  i n  re f .  9. 

The fc rm producing the best  f i t  w i t h  the experimental data was the fo l l ow-  

i ng : 

Eqn. 5.1 

where : 

Ll = predic ted s t r a i n  energy 

Co = s t r a i n  energy + ~ r  a reference tube ( R  = R o ,  f = 0 )  

L = exponent f o r  enerqv dependence on radius 

5 = exponent f o r  ener:;v dependence on f l a tness  



The analys is  y ie lded  the fo l lowing:  

0.18 
: 142 [t-'J0*24 Eqn. 5.2 

w l  t h  % = I i nch  o r  equivalent .  As a measure o f  goodness-of-f i t ,  the  index 

o f  determinat ion was ca lcu la ted  as r = 0.47, i n d i c a t i n g  t h a t  Eqa. 5.2 should 

be accurate t o  w i t h i n  about 13 :b-ins. 

5.5 Some Design-Related Pavameters as Approximated by the  Formula 

A p l o t  of predic ted s t r a i n  energy versus the cross-sect ion parameters 

R and f i s  given i n  Fig. 5.12. Calculat ions r e l a t i n g  pred ic ted  s t r a i n  enerqv 

t o  bending s t i f f n e s s  and then t o  the membtr l i n e a r  def is i ty  here developed frm 

Eqn. 5.2 and the fo l l ow ing  formulas: 

Weight per  u n i t  length:  

w = S p  R j t  Eqn. 5.3 

where: 

w = weiaht per  u n i t  !enqth 

p = mater ia l  dens i ty  

2 ,  o ,  t = defined i n  F i g  2. la  

and 

F io t s  o f  these quan t i t i es  are shawn i n  F ig.  5.13 and Fig.  5.14. 

Fig. 5.13 shows t h ~  range o f  choices f o r  combiaaticns of  cross-sect ional  

p r o ~ e r t i e s  t o  prcduce a given requi red s t r a i n  enerqy, and gives i n d i c a t i o n  of 

the "weight penal ty"  due t o  the f i a t t e n e d  c h a r a c t e r i s t i c  o f  the FET which i s  

requi  red f o r  deployment capabi 1 i t y  . 
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TABLE 5 . 1  
3 4. 

REDUCTION I N  BFNDING STIFFNESS DUE TO SLOT INSERTION 
(typical spec~mens) 

Specimen Moment o f  Inertia Moment af Inertia % 
Number Uncut Specimen, in. S i  nqle-Sl otted Spec., i n .  Difference 

Arc Radius, R , ins .  

F ig .  5-12 Predicted Strain Energy ( Ib- ins)  versus 
Arc Radius ( in s .  ) f ~ r  different  values 
of the Flatness Parameter. 



U n i t  ideight of Tube, w,  lbsift  

F lg .  5-13 Predicted Strain Energy (Ib-ins.) versus 
Unit Weight o f  Tube ( I b s / f t )  for different 
values of Arc Radius (2 )  and Flatness 
Parameter ( f  j 





Fig. 5.14 indica tes  approximate dimensions f o r  a tube of the material  

and wall- thickness used i n  this  inves t iga t ion  needed t o  produce a required 

s t r a i n  energy and bending s t i f f n e s s .  

6. CONCLUSION 

Thls inves t iga t ion  has demonstrated t h a t  with a c e r t a i n  s t r e s s  a l l e v i a -  

t i n g  device,  namly ,  one o r  more s l o t s  c u t  longi tudfnal ly  i n  th?  c e c t e r ,  t he  

CI-convex fo ldab le  e l a s t l c  tube is  3 viable  type o f  member f o r  use i n  s t r a i n -  

eriergy-deployable s t r u c t u r e s .  I t  has a1 so  shown t h a t  s t r a i n  energy quantf t i e s  

I n  t he  range o f  125$" t o  175f" are rea l  tzable  f r o m  tub t s  representing l a r g e  

space s t r u c t u r e  members !r. the  15' t o  20' length range. Approximate s t r a i n  

energy/geornetric parzneter  r e l a t ionsh ips  nave been developed which may be 

useful t o r  preliminary design cr concept s tud ies ,  a1 though t h e i r  a p p l i c a b i l i t y  

i s  l i m f  ted t o  the  var iables  of t h i s  research study.  

Presently,  a  s h a r t  s h e l l  buckling test set-up is being constructed t o  t e s t  

the  tube spriimens f o r  local  buckling loads. Additional design c r i t e r i a  f o r  

t h e  bi -convex foldable e l a s t i c  tube should result from t h a t  analys is .  
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