12 United States Patent

Fernandez

USO011761207B2

US 11,761,207 B2
*Sep. 19, 2023

(10) Patent No.:
45) Date of Patent:

(54) BISTABLE COLLAPSIBLE TUBULAR MAST
BOOM

(71) Applicant: UNITED STATES OF AMERICA AS
REPRESENTED BY THE
ADMINISTRATOR OF NASA,
Washington, DC (US)

(72) Inventor: Juan M. Fernandez, Noriolk, VA (US)

(73) Assignee: UNITED STATES OF AMERICA AS
REPRESENTED BY THE
ADMINISTRATOR OF NASA,
Washington, DC (US)

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 0 days.

This patent 1s subject to a terminal dis-
claimer.

(21)  Appl. No.: 17/549,153

(22) Filed: Dec. 13, 2021

(65) Prior Publication Data
US 2022/0098861 Al Mar. 31, 2022

Related U.S. Application Data

(63) Continuation of application No. 16/503,663, filed on
Jul. 5, 2019, now Pat. No. 11,199,005.

(Continued)
(51) Int. CL
E04C 3/00 (2006.01)
E04C 2/296 (2006.01)
(Continued)
(52) U.S. CL
CPC ... E04C 3/005 (2013.01); B29L 2023/001
(2013.01); B64G 1/222 (2013.01); E04C 2/296

(2013.01)

(38) Field of Classification Search
CPC ... E04C 2/296; E04C 3/005; E04C 3/003528;
E04C 3/29; EO4C 3/36; B29L 2023/001

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

1/1967 Isaac .........ccccovenee. EO4H 15/20
138/119

3,298,142 A *

7,895,795 Bl 3/2011 Murphey et al.

(Continued)

FOREIGN PATENT DOCUMENTS

DE 10012922 C1 * 112001 ......... B63B 15/0083

OTHER PUBLICATTONS

Fernandez, J.M., “Advanced Deployable Shell-Based Composite
Booms for Small Satellite Applications including Solar Sails™, 4th
International Symposium on Solar Sailing, Jan. 17-20, 2017, Kyoto,

Japan, pp. 1-19.
(Continued)

Primary Examiner — Christine T Cajilig
(74) Attorney, Agent, or Firm — M. Bruce Harper; Robin
W. Edwards; Trenton J. Roche

(57) ABSTRACT

Various embodiments provide for bistable collapsible tubu-
lar mast (B1-CTM) booms. Various embodiments provide
CTM booms that may be bistable 1n nature, thereby achiev-
ing intrinsic benefits bistability may bring. Bistability may
be achieved in various embodiments through specific com-
binations of the thin-shell cross-section geometry and the
composite laminate selected for each thin-shell segment.
Additionally, in various embodiments, the thin-shell geom-
etry of each boom hallf may be different. Various embodi-
ments may mclude combinations of circular, ellipsoidal, or
parabolic segments that form each shell.

20 Claims, 6 Drawing Sheets

Key

h=65mm, g,=g.~85°
------- h=85mm, ¢=g,=55"

me o+ wm o [=ii0Mm, 050850
s o h=‘¥1ﬂmm, ﬂ-pzﬂ;_r-:-ﬁﬁn

Z {mm)

30 | ¢~




US 11,761,207 B2
Page 2

Related U.S. Application Data
(60) Provisional application No. 62/694,469, filed on Jul.

6, 2018.
(51) Inmt. CL
B29L 23/00 (2006.01)
B64G 1722 (2006.01)
(56) References Cited

U.S. PATENT DOCUMENTS

1/2018 Fernandez
12/2006 Pryor

9,803,148 B2
2006/0272265 Al

2014/0150863 Al* 6/2014 Spence .................. B64G 1/222
428/36.1

2014/0230949 Al 8/2014 Daton-Lovett

2015/0259911 Al 9/2015 Freebury et al.

2016/0052225 Al 2/2016 Francis et al.

2016/0177567 Al 6/2016 Gandhi

2017/0058524 Al* 3/2017 Fernandez .............. E04C 3/005

2018/0313083 Al* 11/2018 Murphey .................. E04C 3/28

OTHER PUBLICATIONS

Lee, AJ., and J. M. Fernandez, “Mechanics of Bistable Two-Shelled
Composite Booms”, 2018 AIAA Spacecralt Structures Conference,

Jan. 8-12, 2018, Kissimmee, FL, pp. 1-24.

Fernandez, J.M., and A.J. Lee, “Bistable Collapsible Tubular Mast
Booms™, 3rd International Conference on Advanced Lightweight
Structures and Reflector Antennas, Sep. 19-21, 2018, Thbilisi, Geor-
gia, pp. 1-14.

Fernandez, .M., and A.J. Lee, “Bistability in Collapsible Tubular
Mast Booms”, 2019 AIAA Spacecraft Structures Conference, Jan.
7-11, 2019, San Diego, CA, pp. 1-16.

Lee, A.J., and J.M. Fernandez, “Inducing bistability 1n Collapsible
Tubular Mast booms with thin-ply composite shells”, Composites
Structures 225 (2019) 111166, pp. 1-10.

Rehnmark, F. et al., “Development of a Deployable Nonmetallic

Boom for Reconfigurable Systems of Small Spacecraft,” 48th
ATAA/ASME/ASCE/AHS/ASC Structures, Structure Dynamics, and

Materials Conference, Apr. 23-26, 2007, pp. 1-19, Honolulu, Hawaii.

* cited by examiner



U.S. Patent Sep. 19, 2023 Sheet 1 of 6 US 11,761,207 B2

-G, T



U.S. Patent Sep. 19, 2023 Sheet 2 of 6 US 11,761,207 B2

Ll e e TR T i, T bl e e e Ll ol e e ] L e e e R o ol e e o Ll e e e e B o e e e ) Ll ol e e L e e e e R e

N=LhMmM, ¢s0s807
B R R N W R hmﬁgmm; g?ﬁgzmﬁﬁﬂ

MR B P R P hmifﬂmms sfrtepr <N
s wssme 1151 10MM, 0,50,=55°

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

34

20

10

aaaaaaaaaaa
iiiiiiiiiiiii

2 L

-0

-2

~30




U.S. Patent Sep. 19, 2023 Sheet 3 of 6 US 11,761,207 B2

L B N N B N B B N N B B B
iiiiiiiiiiiiiiiiiiiiiiiii

-
-
.
b
LI
-
-
-
-
- b
-
-
-
-
- b
-
.
-
&
-
-
-
-
-
-
-
A
-
.
-
LI
-
-
ok
-
-
-
.
-
-
-
-
-
-
-
-
.
-
.
-
-
-
-
-
-
.
LI
-
-
-
-
I
-
-
-
-
-
-
- b
-
.
-
-
-
-
-
.
-
-
-
-
-
-
-
-
.
-
-
o
LI
LI
-
-
LI
O
-
LI
2w
- 4
LI ]
AT ok ko ko ko ko ko h E
L B N B B B R B N R B N B B B B B B
LI I B N I B W ]
R
- h h ok
- kb A
K
- h b A
et
H - .
LN L
-
-
-k
- 4
4 &
.-
- 4
1 -
! -
4 &
LI
-
- 4
-
N
-
-
.
-
-
.
LI
-
-
4 &
- 4
-
LR
-
-
-
-
-
-
-
4 &
-
-
LI
-
.
L, ]
.
-
-k
-
-
-
-
LI
-
-
-
-
LI |
-
.
-
- -
0
- -
-
-
-k
-
-
-
-k
.
-
-
-
-
-
..
-
-
-
-
-
.
-
-
-
-
-
- )
-
-
k] T
-
-
.
-
-
.
-
- -
-
- -
-
- -
- -
- -
. -
- -
- -
- -
- LI
- -
. .
- -
- -
- -
- -
- -
T .
- -
- -
-
- -
- -
o -
- -
- -
e .
- -
- -
. .
LR -
- -
. -
- -
- -
& . -
LI LI ]
-k LI
. .
- - 4
‘i‘i‘ ‘i‘i‘i
k] P P
4 bk LN ]
R o ok ko
- - 4 4 b o h ok hh A h ok - -

L B B N

¥ {Tim)

Fia. 3



Sheet 4 of 6 S 11.761.207 B2

S. Patent Sep. 19, 2023

= 4 N p A moa
- ww i=

-
r44 t1
'

-

+ 4 + & 1 A kA F A+
=
l'l.ql.'lq‘l.‘lq‘l. = 1 'I‘l.ql.‘l.

=
Iii‘

T 44 + 4 4 4144 449 + 4 + 4
L T D I N O
= ki1 i iwd kL

a
hi=

&
4w L4 L d d
4 4 % 4 L4 Aok
B4 R4 Rk ARy RR R
= =% 1 b mw =k
&

-
rh bRkt
o ke b b b kL
BopoN %N R4 RL R4 R4 N &k
nlm mlwdw A

Lo T L I I e T
= ilw ik dldwddliw
-+ 4 4 o A

I
4
]
1
[ ]
1
L]
.
.
+
-
i
b+
1
-
L]
+
L]
- =
L) 4 L
- -
el - P
-+ 4 &
ST LY
- m -
+ L 4k
.I.*i iy
1 e m LG
] 4 &
L ad o
4 b4 d -
+r LI
LI I
- &L =
4k LIS
141 4 IR
- n -
b b omhomchonomw AL koEm il P P I i i+ " moh ok omdlomomowow homow
IR I E A EE N R E R E I A E A R I EE
e L L R I L L L I A | LR L L I T L B N L
- om oo
LN L
R
i
ko
a
'
-
)
-
-
3w
+,
.
.
*.
- h
L)
4%
¥,
*
r
-
1
-+
-
1
-
s,
W
F
L)
-
=
- w b
e p SUTCNE T R
P T T w
4 4 44
-
&

-
‘i-l.-i'ri‘h‘
byl q“.i+l-‘1*l.*i“|-l.‘ll'|- L I

LI I B A S I I I BRSBTS L D I B O B
At ok 1% L B L PP |




S. Patent Sep. 19, 2023 Sheet 5 of 6 S 11,761,207 B2

T

e ———

LI G B )
UL UL U DL B DL D DL D DR B B D O O
4 h ok h hhh kA 4 4k oh h ok h ok
4 b ok h ok LI B N B
L I | 4 h ko oh
L I I B ) LI I N
L B B ] L I
- 4 b ok oh
- -k ok oh
- & b ok h
- & ok oh
LI ) - -
4 & L
LI ! L ]
LI B - 4
LI L]
LI I ] L]
- L ]
- 4 -
LR LG
LI - 4
- LI
LI L]
- -
- L]
L] L]
- 4 4 &
- 4 &
L] LG
- LI
LI -
-
4 & -
- LI
L] LI
- -
- LI -
- LI
- .k -
L] L]
LI L]
- -
- b L]
LI L]
LI ] -
- b L]
L L]
- & -
- L]
L] .
- o
- L
- LI
- LI
L] LI
- LI
-
LI} -
L] -
-
- -
o
- LI
- LI
L]
L | -
- -
L] L]
- -k
- LI
L] L]
- 4 -
- L]
L] 4
- - A
L] -
- -
- -
- LI
L] L]
-k -
- -
L] LI
- -
- b L]
- L]
- LI
L] -
L] -
- -
- -
LI} L]
- -
- LI
L] L]
- -
- .
L] -
- -
- -
L] L]
- -
-
L] L]
- -
- L]
L] -
- -
- LI
L] L]
- -
- L]
L L]
- -
- -
L] -
- LI
- -
L] L]
- -
- L]
- L
- -
- -
L] L]
- -
- L]
- L]
- -
L] -
L] -
- -
- -
L] L]
- -
L] -
- -
- -
- -
L]
- -k
- L]
- L]
- -
L] -
LR | -
- -
- " ]
L] -
- 4 &
-
L L]
LR -
LR ] -
LI ] L]
LR 4 &
- -
L] -
LI -
LI -
- L I |
L B N N B N B I N N B B N B B CEE N N N R N N B N N N N N B B B
LIE L IR R DR DR DE D U U D U B O | LR DL BE DEBE DE D DR B DR U B UE B
LEE DL B DR B B B PO IR L B D B D B
4 4 k4 - 4
4 4 b b LI B 1
L I LI B
LI I N} 4 b
L I R )
L
4 b A
LI ]
LI
LI
L]
LI
LI
]
-
-
LI ]
LI
LR
L]
-
-
o
-
-
L]
-
-
L]
-
-
L]
-
-
L]
LI
L]
L]
LI
-
-
.
-
L]
-
L]
L]
-
L]
-
-
LI
L]
-
-
L]
-
-
LI
-
-
L ]
-
-
L]
-
-
L]
-k
-
L]
-
L]
L]
-
L
L]
-
L]
L]
-
-
-
-
-
L]
-k
L]
L]
-
LI
-
-
-
LI
-
-
L]
LI
-
L]
-
LI
L]
-
-
LI
-
-
L]
- 4
L]
L]
-
LI
-
-
-
-
-
-
L] L]
ok
LI L]
L] -
- -
- - &
LR | L]
- -
- -
L] LI}
L -
LI -
L] L]
- -
- LI ]
LI -
- -
L] L]
L] -
- - &
LI ] -
- L]
- -
- -
o -k
LI -
- -
L] L]
- -
b -
LI -
- -
- L]
L] -
-
LI -
LI
- -
- -
-
- -
el LI
LI L]
LI -
- W -
L]
- -
- -
L] L]
- - b
LI}
gk LI
" -
4 & LI ]
4k ok
LI -
L - b
L] LI
- -
- & LI ]
4k LI ]
-k - 4
- & LI ]
gk LI ]
- - b
- -
L] L]
- -
L] -
LG LI
LI - 4
4 & -
- LI}
- -
LI -
LI LI
L ) -
LI
L I ] LI I ]
4 4 4 - 4
& 4 ok LI ]
4 b ok h L]
- h b A 4 b ko4
4 4 4 b 4 4 b4 b
LU UL L U B B D D O D O
L I N N I B )

. 6



S. Patent Sep. 19, 2023 Sheet 6 of 6 S 11,761,207 B2

]

]

- ]
“"1..____.,-"'

L — ——

R EREE R E R
4k h ok kA Ak h koA
EIE T I . ok ok ok h
. LI L]
LI LI
LI L)
- L)
LI L]
LI L]
LI 4+ 4
L] K]
- LI
- 4 -
- -
- 4 -
L 4 &
+ - -
- -
- - -
- 4 -
- -+ 4
- K]
- -
-
-
LI ]
)
-
-
-
- L]
- -
- -
- -
- -
- -
- -
- -
- -
- -
- -
- 3 « M
- L]
L] -
- -
L
-
- -
- -
- -
- a
- &
- -
- -
-
- -
- -
- 4
- -
- -
-
- -
- -
- -
] -
-
- -
- .
- -
-
- -
- .
- -
-
- -
+
-
- -
- 4
- -
-
- -
- -
-
- -
-
-
-
- )
- +
L] L]
-
- ]
] -
-
-
-
-
]
. -
-
-
- -
- -
+
-
-
- -
-
- -
- -
-
-
. -
- .
-
- -
-
-
-
- -
-
- -
- 4
- -
-
- -
- -
- -
- -
- -
- -
-
- 4
IEEREEEEREEEEEERRK
-k h - "*“._ -
Vi - i
- L] -
- e . - -
LR - 'l..I - L)
- - o i
- -
+ -
- - &
- LI - -
- 1+
-
* 4
™ - o
. &
-

-
-
- -
- -
- -
- - -
- -
- -
- -
- -
-
- -
-
-
- ]
4 -
- -
- 4
- -
- -
- -
-
- -
-
-
-
-
. -
-
-
- -
L] -
- -
-
-
-
- -
- -
- -
LK -
- -
-
- -
] -
-
-
- -
- -
- L]
-
- -
- -
LI - -
- -
- -
- -
. -
- -
-
-
-
-
- -
-
- -
] -
. -
- -
-
- -
- -
L] -
- -
-
- -
- -
-
- -
-
- -
-
-
-

" FU2

- - 4 4 - 4 4 ok
-

- - - kA
LR ok ko oh ko hohhd kA
4 & i h kR h hh

. 7



US 11,761,207 B2

1

BISTABLE COLLAPSIBLE TUBULAR MAST
BOOM

CROSS-REFERENCE TO RELATED PATENT
APPLICATION(S)

This patent application 1s a continuation of U.S. applica-
tion Ser. No. 16/503,663, filed Jul. 5, 2019, which claims the

benelit of U.S. Provisional Application No. 62/694,469, filed
Jul. 6, 2018, each titled “Bistable Collapsible Tubular Mast

Boom,” the contents of both of which are hereby incorpo-
rated by reference 1n their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The mvention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovyalties thereon or therefore.

BACKGROUND OF THE INVENTION

Thin-shell rollable composite booms are a promising
cross-cutting technology candidate for a wide range of
deployable space structures. The majority of the thin-shell
boom structures developed to date have used an open or
semi-open cross-section that poses some restrictions on the
structural capabilities of these slender elements to avoid
them failing in a flexural-torsional buckling mode. The
Collapsible Tubular Mast (CTM), with its two omega-
shaped thin-shells forming a bonded closed section, 1s one of
the highest performance boom structures that yields large
specific stiflnesses and allows for high dimensional stability
structures.

A recent eflort proposed imnducing on these rollable struc-
tures bistability, or the existence of two potential energy
wells 1n the deployed and coiled boom states. Bistable
booms are favorable due to low strain energy requirements
for the coiled state, and have more controllable self-deploy-
ment when compared to monostable booms that overall
translates to more reliable, compact, and lighter system
designs. A bistable CTM boom could perform as the ultimate
candidate for these types of coilable structures. The ultimate
objective of producing a bistable CTM boom, over a monos-
table one, 1s to simplify the packaging and deployment
process ol complex deployable structures supported by these
boom elements, as well as increase the reliability of designs
that are strain energy driven versus motor driven or any
other type of powered actuation.

BRIEF SUMMARY OF THE INVENTION

Various embodiments provide for bistable collapsible
tubular mast (Bi-C'1'M) booms. Various embodiments pro-
vide CTM booms that may be bistable 1n nature, thereby
achieving intrinsic benefits bistability may bring. Bistability
may be achieved in various embodiments through specific
combinations of the thin-shell cross-section geometry and
the composite laminate selected for each thin-shell segment.
Additionally, 1n various embodiments, the thin-shell geom-
etry of each boom half may be diflerent. Various embodi-
ments may include combinations of circular, ellipsoidal, or
parabolic segments that form each shell. The provisionming of
two different cross section shells in various embodiments
may provide additional design freedom to maximize the area

10

15

20

25

30

35

40

45

50

55

60

65

2

moment of inertia and torsional constant, which may be
directly proportional to the loading capacity of the boom,
while retaining bistability.

Various embodiments may provide a Bi-CI'M boom
including a first shell comprised of a first composite lami-
nate, and a second shell comprised of a second composite
laminate, wherein the first shell 1s atlixed to the second shell,
and the first composite laminate 1s different than the second
composite laminate. In various embodiments, the first com-
posite laminate may be a bistable laminate. In various
embodiments, the bistable laminate may have a lay up that
1s bistable. As examples, the bistable laminate may have a
lay up ot [£0,/0/£0,], [£0,/0/90,/+0,] or [+0,/+0,] on the
longest shell segment of the first shell, where 0 1s from 30°
to 60°, 115 1 or above, 1 1s 0 or above, and k 1s 0 or above.
In various embodiments, the first shell and the second shell
may have a same cross-section shape. In various embodi-
ments, the first shell and the second shell may have different
cross-section shapes. In various embodiments, the first shell
may have a circular, an ellipsoidal, or a parabolic cross-
section shape and the second shell may have a different
cross-section shape than the first shell. Various embodiments
may provide a method of fabricating a Bi-CTM boom.

These and other features, advantages, and objects of the
present mnvention will be further understood and appreciated
by those skilled i1n the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated
herein and constitute part of this specification, illustrate
exemplary embodiments of the invention, and together with
the general description given above and the detailed descrip-
tion given below, serve to explain the features of the
ivention.

FIG. 1 1s a diagram illustrating a cross section of an
example Bi-Stable Collapsible Tubular Mast (Bi1-CTM)
boom geometry.

FIG. 2 1illustrates cross-section shapes of two symmetric
Bi1-C'TM booms with different flattened heights and sub-
tended angles of the boom shells.

FIGS. 3-7 illustrate cross-section shapes of asymmetric
B1-CTM booms.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

For purposes of description herein, 1t 1s to be understood
that the specific devices and processes 1llustrated 1n the
attached drawings, and described in the following specifi-
cation, are simply exemplary embodiments of the inventive
concepts defined 1n the appended claims. Hence, specific
dimensions and other physical characteristics relating to the
embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.

The word “exemplary” 1s used herein to mean “serving as
an example, 1mstance, or illustration.” Any implementation
described herein as “exemplary” 1s not necessarily to be
construed as preferred or advantageous over other 1mple-
mentations.

The various embodiments will be described 1n detail with
reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout
the drawings to refer to the same or like parts. References
made to particular examples and implementations are for
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illustrative purposes, and are not intended to limit the scope
of the mvention or the claims.

Standard monostable booms can store a large amount of
strain energy when coiled and can uncontrollably expand
(blossom) inside the deployer mechanism during deploy-
ment. In general, bistable booms store less strain energy
when coiled and have a slower more controllable and
coherent deployment. Various embodiments aim to tailor the
beneficial bistability eflect for composite booms.

Various embodiments provide a new type of rollable and
deployable composite beam/boom structure that may be
used 1 a wide range of applications for both space and
terrestrial structural solutions. The Collapsible Tubular Mast
(CIM) (also sometimes referred to as a lenticular boom),
with 1ts two omega-shaped thin-shells forming a bonded
closed section, 1s one of the highest performance thin-shell
rollable booms that vyields large specific stiflnesses and
allows for high dimensional stability structures. The various
embodiments may provide a bistable version of the CTM
boom that has a secondary stable low energy state 1n the
colled configuration, similar to a kid’s slap bracelet. This
secondary stable low energy state 1n the coiled configuration
realized 1n various embodiments may simplify the stowage
process with a reduction 1n the size, mass and complexity of
the deployment mechanism, as well as to yield a more
coherent and controllable extension of the boom upon
release of 1ts constraints when compared to non-bistable
booms.

In comparison to standard CTM booms used on a numer-
ous of occasions 1n spacecrait hardware, the various embodi-
ments bistable CI'M booms (Bi1-CTM booms) are differen-
tiated 1n that the embodiment B1-CTM booms are bistable in
nature, with all the intrinsic benefits bistability brings.
Bistability may be achieved in various embodiments
through combinations of the thin-shell cross-section geom-
etry and the composite laminate chosen for each thin-shell
segment. An additional feature exclusive of the embodiment
Bi1-C'TM booms 1s the fact that the thin-shell geometry of
cach boom half may be different, breaking the symmetry
from the standard CI'M boom designs. Combinations of
circular, ellipsoidal, and/or parabolic segments that form
cach shell of the embodiment Bi-C'TM booms may provide
additional design freedom to maximize the area moment of
inertia and torsional constant, which are directly propor-
tional to the loading capacity of the boom, while retaiming
bistability.

FIG. 1 1llustrates an example of Bi-CTM boom geometry
via a cross section of a Bi-CITM boom 100. The Bi-CTM
boom geometry consists of aflixing two omega-shaped
shells 101 and 102 at two flat regions on each shell edge,
called the web 103. The cross-section of each omega shell
101, 102 can be defined by three circular, elliptical or
parabolic arcs or combinations of these arcs, plus the two
straight sections 103 that are aflixed. Examples of CIM
booms and their operation are discussed in U.S. Pat. No.
9,863,148 1incorporated herein by reference 1n 1ts entirety for
all purposes. In various embodiments, the various shells may

be tape springs of a given length that may be made from any
material, such as Carbon Fiber Reinforced Polymer (CFRP),

Fiber Reinforced Plastics (FRPs), Carbon Fiber Reinforced
Plastic, Glass Fiber Reinforced Plastic or Kevlar Reinforced
Plastic, etc. Bi-CTM booms may be manufactured by athx-
ing (e.g., joint, such as bonding, stitching, welding, etc.,
co-curing, or otherwise structurally aflixing to one another)
two shells together. The resulting Bi-CTM boom may be
colled around a spindle/drum (or itself) 1n a stored configu-
ration and the two shells may flatten together in the stored
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4

(1.e., flattened and coiled) configuration. In a deployed
configuration the shells may uncoil (1.e., straighten out) and
press apart from one another recovering their mnitial cross-
section. As discussed herein, the outer shell of a Bi-CTM
boom may be the shell that will be outward to the spindle/
drum 1n the stored coiled configuration. As discussed herein,
the mner shell of the Bi-CTM may be shell that will be
inward to the spindle 1n the stored coiled configuration.
An mextensional analytical model describing the coiling
mechanics of CITM booms was used to determine how
design variables induce bistability. The eflects of varying
thin-ply lamina material, laminate layup, and shell arc
geometries between different inner and outer shell segments
on the depth of the second strain energy well corresponding
to the coiled state were determined for both symmetrical and
asymmetrical boom cross-sections. To determine which
model parameters were critical for imnducing bistability in
two-shelled composite CTM booms, a bistability criterion
was also derived. This criterion allowed the direct evaluation
of bistability without the need for minimizing the strain
energy for every particular case during parametric studies,
which 1s much less computationally eflicient. CTM boom
designs that were predicted to be bistable were manufac-
tured and experimentally characterized for comparisons
against model results. The full design space for two-shelled
composite CIT'M booms was explored to evaluate the validity
of the analytical model. After the analytical model was
validated, the parametric study searched for Bi-CTM boom
designs that maximized the area moments of inertia and
torsional constant (loading capabaility) while complying with
the volume requirements of a specific structural application.
The goal was thus to study 1t bistable designs of the CIM
are 1indeed possible given the complex geometry of the
structure. Cases where the boom geometric symmetry about
the aflixing line 1s maintained (same omega-shell geometry),
as 1n FIG. 2, as well as asymmetric shapes, as in FI1G. 3, were
investigated with the shell composite laminate for each
boom half being different in all cases. FIG. 2 illustrates
cross-section shapes of two symmetric Bi-C'1'M booms with
a flattened height of h=65 mm (outer lines) and h=110 mm
(inner lines). For each boom size, two cross-sections of
subtended angles a=85° and a=55° are shown. FIG. 3
illustrates a cross-section shape of an asymmetric Bi-CTM
boom 300 with a flattened height of h=110 mm and sub-
tended angles of ¢=85°. The outer shell 301 1s the one with
the longest R1 central segment, which is the one that induces
bistability 1 the boom 300. The mnner shell 302 has a
different cross sectional shape than the outer shell 301. In the
boom 300 illustrated in FI1G. 3, the outer shell 301 may have
a cross-section shape formed by three circular arcs (called
for reference herein a circular cross-section) and the 1nner
shell 302 may have a different circular cross-section shape.
FIG. 4 1llustrates another asymmetric Bi-C'1'M boom 400
with an outer shell 401 having a circular cross-section shape
and the inner shell 402 may have a cross-section shape
formed by three ellipsoidal arcs (called for reference herein
an ellipsoidal cross-section). FIG. S illustrates another asym-
metric Bi-C'TM boom 500 with an outer shell 501 having a
circular cross-section shape and the inner shell 502 may
have an ellipsoidal cross-section shape. FIG. 6 illustrates
another asymmetric B1-CI'M boom 600 with an outer shell
601 having a circular cross-section shape and the inner shell
602 having a cross-section shape formed by three parabolic
arcs (called for reference herein a parabolic cross-section).
Other combinations of different cross-section shapes may be
combined as mner shells and outer shells 1n various embodi-
ment asymmetric Bi-CTM boom shapes. The circular cross-
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section shapes, ellipsoidal cross-section shapes, and para-
bolic cross-section shapes may result from shells of
embodiments B1-CTM booms formed with circular, ellip-
soidal, parabolic shapes, or combinations of these. As one
example, FIG. 7 illustrates an asymmetric Bi-CI'M boom
700 with an outer shell 701 having a circular cross-section
shape and the mner shell 702 having a cross-section shape
tormed by two circular cross-section edge portions 703e and
a parabolic cross-section central portion 703¢. The two edge
portions 703¢ may extend from each side of the one central
portion 703¢ toward the respective webs 704 of the Bi-CTM
boom 700.

In general, the shell segments that need to be coiled 1n an
equal-sense way (1.e. the shell’s curvature sign does not
change during the coiling deformation process), such as
those corresponding to radius R1 of the outer shell and
radius R2 of the mnner shell in FIG. 2, may be made from a
bistable laminate such as a [+0,/0/+6,], [£0,/0,/90,/£0,] or
[£0./£0 ] layup where 0 may be from 30° to 60°,11s 1 or
above, 1 1s 0 or above, and k 1s O or above. The shell
segments that need to be coiled 1n an opposite-sense way
(1.e. the shell’s curvature sign changes during the coiling
deformation process from concave to convex), such as those
corresponding to radius R2 of the outer shell and radius R1
of the mnner shell in FIG. 2, may be made from a more
compliant laminate. While not illustrated 1n FIGS. 1 and 3-7
for clarity of the figures, the relationship of radius R1
portion and radius R2 portion in the outer shell and the
radius R1 portion and radius R2 portion in the inner shell as
discussed with reference to FIG. 2 applies to FIGS. 1 and 3-7
as well. In other words, the shell segments corresponding to
radius R1 of the outer shells 101, 301, 401, 501, 601, 701
and radius R2 of the inner shells 102, 302, 402, 502, 602,
702 are shell segments that need to be coiled 1n an equal
sense way and the shell segments corresponding to radius

R2 of the outer shells 101, 301, 401, 501, 601, 701 and
radius R1 of'the inner shells 102, 302, 402, 502, 602, 702 are
shell segments that need to be coiled 1n an opposite-sense
way. As such each shell, mnner or outer, may have one R1
radius shell portion (1.e., the one central portion of that
respective shell, one example of which 1s labeled 1n FIG. 7
as central portion 703c¢ of inner shell 702) and two R2 radius
shell portions (1.e., the two edge portions of that respective
shell, one example of which are labeled in FIG. 7 as edge
portions 703e of inner shell 702). Together the respective
three radius portions R2, R1, R2 define the cross-section
shape of that respective shell. In various embodiments, the
outer shell may be made of one laminate. In various embodi-
ments, the outer shell may be made from two diflerent
laminates such that one laminate forms the radius R1 portion
of the outer shell and another laminate forms the radius R2
portion of the outer shell. In various embodiments, the inner
shell may be made of one laminate. In various embodiments,
the nner shell may be made from two different laminates
such that one laminate forms the radius R1 portion of the
inner shell and another laminate forms the radius R2 portion
of the mner shell. The length of the bistable shell segments
may need to be larger than those of the compliant shell
segments to achieve bistability. The ratio of segments bend-
ing in equal or opposite-sense directions may also be critical
to prevent negating the secondary stable coiled configura-
tion. In some embodiments, the shell segments that need to
be coiled 1n an equal-sense way, such as those corresponding,
to radius R1 of the outer shell and/or radius R2 of the inner
shell in FIG. 2, may be bistable and the shell segments that
need to be coiled 1n an opposite-sense way, such as those
corresponding to radius R2 of the outer shell and/or radius
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R1 of the inner shell 1n FIG. 2, may be compliant or bistable.
As one example, only the radius R1 portion of the outer shell
may be bistable and the other portions of the outer shell and
inner shell may be compliant. As another example, both the
radius R1 portion of the outer shell and the radius R2 portion
of the mner shell may be bistable while both the radius R2
portion of the outer shell and the radius R1 portion of the
inner shell are compliant. As another example, both the
radius R1 portion and the radius R2 portion of the outer shell
may be bistable and both the radius R1 portion and the
radius R2 poriton of the inner shell may be compliant. As
another example, both the radius R1 portion and the radius
R2 portion of the outer shell may be bistable, the R2 portion
of the 1inner shell may be bistable, and the R1 portion of the
inner shell may be compliant. As another example, the
radius R1 portion of the outer shell and both portions of the
iner shell may be bistable and the radius R2 portion of the
outer shell may be compliant. In various embodiments, the
sum of arc lengths of the two radius R2 portions of the inner
shell may be longer than the arc length of the R1 portion of
the 1nner shell.

In various embodiments, the outer shell of a Bi-CTM
boom, such as outer shells 101, 301, 401, 501, 601, 701, may
be formed from a first composite laminate, and the inner
shell of the B1-CTM boom, such as inner shells 102, 302,
402,502, 602, 701 may be formed from a second composite
laminate. In various embodiments, the first composite lami-
nate may be a different composite laminate than the second
composite laminate. As examples, the first composite lami-
nate or the second composite laminate may be: a composite
laminate of intermediate modulus (IM) unidirectional car-
bon fiber formed from MR60H carbon fiber and PMT-F7
epoXy resin; a composite laminate of plain weave IM carbon
fiber formed from HTA40 carbon fiber and PMT-F7 resin; a
composite laminate of plain weave IM carbon fiber formed
from M30S carbon fiber and PMT-F7/ resin; a composite
laminate of plain weave astroquartz II formed from astro-
quartz fibers and PMT-F7 resin; a composite laminate of
braid IM carbon fiber formed from T300 fibers and PMT-F7
resin; a composite laminate of umdirectional glass fiber
formed from S2-glass and PMT-F7 resin; a composite lami-
nate of high modulus (HM) unidirectional carbon fiber
formed tfrom HS40 fibers and PMT-F7 resin; or any other
type composite laminate, such that the outer shell, such as
outer shell 101, 301, 401, 501, 601, 701 1s formed from a
different composite laminate than the mnner shell, such as
inner shell 102, 302, 402, 502, 602, 702. In various embodi-
ments, the outer shell of a Bi-CTM boom, such as outer
shells 101, 301, 401, 501, 601, 701, and/or the inner shell of
the Bi-CTM boom, such as inner shells 102, 302, 402, 502,
602, 702, may be formed from two laminates. For example,
the outer shell, such as outer shells 101, 301, 401, 501, 601,
701, may be formed from a combination of a bistable and a
compliant laminate pair and/or the 1inner shell, such as inner
shells 102, 302, 402, 502, 602, 702, may be formed from a
combination of a bistable and a complaint laminate patr.
Shells 101 and 102, 301 and 302, 401 and 402, 501 and 502,
601 and 602, 701 and 702, may be ailixed together 1n various
manners, for example by co-cure, bonding with EA9628
film epoxy, etc. In various embodiments, the outer shell,
such as outer shell 101, 301, 401, 501, 601, 701, may be a
bistable shell segment. For example, the outer shell, such as
outer shell 101, 301, 401, 501, 601, 701, may be made from
a bistable laminate such as a [+6,/0,/+6,], [+0,/0,/90,/0,] or
[£0./£0 ] layup where 0 may be from 30° to 60°, 11s 1 or
above, 1 1s 0 or above, and k 1s O or above. In various
embodiments, the inner shell, such as inner shells 102, 302,
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402, 502, 602, 702, may also be a bistable shell segment. In
various embodiments, the inner shell, such as inner shells
102, 302, 402, 502, 602, 702, may not be a bistable shell
segment.

Various embodiments may provide methods for fabricat-
ing a B1-C'1T'M boom, such as B1-CTM booms 100, 300, 400,
500, 600, 700 described above, including providing an outer
shell formed from a first composite laminate, providing an
inner shell formed from a second different composite lami-
nate, and atlixing the outer shell to the inner shell. The shells
may be aflixed, for example by, jomning (e.g., bonding,
stitching, welding, etc.), co-curing, or otherwise structurally
allixing the shells to one another.

The preceding description of the disclosed embodiments
1s provided to enable any person skilled 1n the art to make
or use the present invention. Various modifications to these
embodiments will be readily apparent to those skilled 1n the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the mvention. Thus, the present mvention i1s not
intended to be limited to the embodiments shown herein but
1s to be accorded the widest scope consistent with the
following claims and the principles and novel features
disclosed herein.

What 1s claimed 1s:

1. A bistable collapsible tubular mast (Bi-C'1M) boom
having a stable coiled configuration and a stable deployed
confliguration, comprising:

a first shell comprised of a first composite laminate; and

a second shell comprised of a second composite laminate,

wherein:

the first shell 1s athxed to the second shell at two {flat
webs:

the first shell comprises a first cross-section shape
formed from one first central portion and two first
edge portions extending from each side of the one
first central portion toward respective tlat webs of the
B1-C'TM boom, the one first central portion having a
different curvature direction than the two first edge
portions;

the second shell comprises a second cross-section
shape formed from one second central portion and
two second edge portions extending from each side
of the one second central portion toward the respec-
tive flat webs, the one second central portion having
a different curvature direction than the two second
edge portions; and

the first central portion and the second central portion
having same sign curvatures such that the first cen-
tral portion and the second central portion are convex
in the stable deployed configuration of the B1-C'1'M
boom.

2. The Bi1-CTM boom of claim 1, wherein the first

composite laminate 1s configured to promote bistability.
3. The Bi1-CTM boom of claim 2, wherein the second

composite laminate 1s configured to promote bistability.
4. The B1-CTM boom of claim 2, wherein the second
composite laminate 1s not configured to promote bistability.
5. The B1-CTM boom of claim 2, wherein:
the first composite laminate has a lay up of [+6,/0,/+6,],
[+6,/0,/90,/+0,] or [£0,/%0,]; and
0 1s from 30° to 60°,11s 1 or greater, j 1s 0 or greater, and
k 1s O or greater.
6. The B1-CTM boom of claim 2, wherein the first shell
turther comprises a third composite laminate different from
the first composite laminate and wherein the one first central
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portion 1f formed from the first composite laminate and the
two first edge portions are formed from the third composite
laminate.

7. The B1-CTM boom of claim 1, wherein a sum of arc
lengths of the two edge portions 1s greater than an arc length
of the one central portion.

8. The Bi-CTM boom of claim 1, wherein the first shell
and the second shell have the same cross-section shape.

9. The B1-CTM boom of claim 1, wherein the first shell

and the second shell have diflerent cross-section shapes.

10. The Bi-CTM boom of claim 1, wherein at least the
first shell or the second shell 1s formed by circular, ellip-
soidal, parabolic, or combinations thereof shape segments.

11. The Bi-CTM boom of claim 2, wherein a sum of arc
lengths of the first two edge portions 1s greater than an arc
length of the one first central portion, and wherein the first
shell 1s configured to be an inner shell 1n the stable coiled
configuration of the B1-C'I'M boom and the second shell 1s
configured to be an outer shell 1n the stable coiled configu-
ration of the B1-CTM boom.

12. A method of fabricating a bistable collapsible tubular
mast (B1-CTM) boom having a stable coiled configuration
and a stable deployed configuration, comprising:

providing a first shell comprised of a first composite

laminate:

providing a second shell comprised of a second composite

laminate:; and

athixing the first shell to the second shell,

wherein:

the first shell comprises a first cross-section shape formed

from one {first central portion and two first edge por-
tions extending from each side of the one first central
portion toward respective flat webs of the Bi-CTM
boom, the one first central portion having a difierent
curvature direction than the two first edge portions;
the second shell comprises a second cross-section shape
formed from one second central portion and two second
edge portions extending from each side of the one
second central portion toward the respective flat webs,
the one second central portion having a different cur-
vature direction than the two second edge portions; and
the first central portion and the second central portion
having same sign curvatures such that the first central
portion and the second central portion are convex in the
stable deployed configuration of the Bi-CTM boom.

13. The method of claim 12, wherein:

the first composite laminate 1s a bistable laminate;

the bistable laminate has a lay up ot [+0,/0/+6,], [+0,/0/

90,/+£0.] or [£0./+0.]; and

0 1s from 30° to 60°, 115 1 or greater, j 1s O or greater, and

k 1s O or greater.
14. The method of claim 12, wherein the first shell and the
second shell have different cross-section shapes.
15. The method of claim 12, wherein:
the first shell 1s configured to be an mner shell in the stable
coilled configuration of the Bi-CTM boom and the
second shell 1s configured to be an outer shell 1n the
stable coiled configuration of the B1-C'I'M boom; and

the second central portion and two {first edge portions are
configured to promote bistability.

16. The method of claim 15, wherein a sum of arc lengths
of the first two edge portions 1s greater than an arc length of
the one first central portion, and the first central portion and
two second edge portions are configured to promote bista-

bility.
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17. The method of claim 15, wherein the first central
portion and two second edge portions are configured to be
compliant.

18. The method of claam 17, wherein a length of all
portions of the first shell and the second shell configured to 53
promote bistability 1s larger than a length of all portions of
the first shell and the second shell configured to be compli-
ant.

19. The B1-CIM boom of claim 1, wherein:

the first shell 1s configured to be an inner shell in the stable 10

colled configuration of the Bi-CTM boom and the
second shell 1s configured to be an outer shell 1n the
stable coiled configuration of the Bi-CTM boom; and
the second central portion and two first edge portions are
configured to promote bistability. 15

20. The B1-CTM boom of claim 19, wherein:

the first central portion and two second edge portions are

configured to be compliant; and

a length of all portions of the first shell and the second

shell configured to promote bistability 1s larger than a 20
length of all portions of the first shell and the second
shell configured to be compliant.
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