Office de la Propriete Canadian CA 2803384 A1 2012/01/12

Intellectuelle Intellectual Property
du Canada Office (21) 2 803 384
g,lnngL%?rri‘fgaena " mfgtfy”%ya‘r’]‘; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2011/07/06 (51) ClLInt./Int.Cl. GO7B 7/76 (2006.01)

(87) Date publication PCT/PCT Publication Date: 2012/01/12 | (71) Demandeur/Applicant:

(85) Entree phase nationale/National Entry: 2012/12/19 ALLIANT TECHSYSTEMS INC., US
86) N° demande PCT/PCT Application No.: US 2011/043010| (72 Inventeurs/inventors:

(o) N demande PRESSESILINS MATHIAS, EDWARD C., US:

(87) N° publication PCT/PCT Publication No.: 2012/006308 SHIPLEY, JOHN L. US

(30) Priorite/Priority: 2010/07/09 (US12/833,894) (74) Agent: SMART & BIGGAR

(54) Titre : DETECTION DE DEFORMATION POUR DETERMINER UNE COURBURE
54) Title: METHODS, DEVICES, AND SYSTEMS RELATING TO A SENSING DEVICE

\ | / 302C 202E
|
\
l

(57) Abréegée/Abstract:

Methods and devices relating to strain sensing are disclosed. A device may comprise a structure including a first surface and a
second, opposite surface, wherein the structure comprises one or more segments. Further, the device may include a plurality of
sensors disposed on the structure, wherein each segment of the one or more segments comprises a first sensor of the plurality of
sensors coupled to the first surface and an associated second sensor of the plurality of sensors coupled to the second surface.
Moreover, each sensor of the plurality of sensors may be configured to measure a strain exhibited on an adjacent surface of the
structure at an associated segment of the one or more segments.

SoTEN 7 [ ] ]
EORUIORIOR . o
Y T 7 7
b‘ --..-‘

R

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




WO 2012/006308 A1 |[HIL 11 HYD Y A0 0 R RO O e

CA 02803384 2012-12-19

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
12 January 2012 (12.01.2012)

(10) International Publication Number

WO 2012/006308 Al

(51)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

(74)

(81)

(34) Title: SENSING STRAIN TO DETERMINE CURVATURE

International Patent Classification:
GOIB 7/16 (2006.01)

International Application Number:
PCT/US2011/043010

International Filing Date:
6 July 2011 (06.07.2011)

Filing Language: English
Publication Language: English
Priority Data:

12/833,894 9 July 2010 (09.07.2010) US

Applicant (for all designated States except US). AL-
LIANT TECHSYSTEMS INC. [US/US]; MNO5-1W,
7480 Flying Cloud Drive, Minneapolis, Minnesota 55344

(US).

Inventors; and

Inventors/Applicants (for US only). MATHIAS, Ed-
ward C. [US/US]; 1434 Highland Drive, North Logan,
Utah 84341 (US). SHIPLEY, John L. [US/US]; 205
North 100 West, Tremonton, Utah 84337 (US).

Agents: GUTKE, Steven W. et al.; Traskbritt, 230 South
500 East, Suite 300, P. O. Box 2550, Salt Lake City, Utah
84110-2550 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AQO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, Fl, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
/M, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))

Published:

with international search report (Art. 21(3))
with amended claims and statement (Arvt. 19(1))

(57) Abstract: Methods and devices relating to strain sensing are disclosed. A device may comprise a structure including a first
surface and a second, opposite surface, wherein the structure comprises one or more segments. Further, the device may mclude a

plura
plura

ity of sensors disposed on the structure, wherein each segment of the one or more segments comprises a first sensor of the
ity of sensors coupled to the first surface and an associated second sensor of the plurality of sensors coupled to the second

surface. Moreover, each sensor of the plurality of sensors may be configured to measure a strain exhibited on an adjacent surface
of the structure at an associated segment of the one or more segments.



CA 02803384 2012-12-19
WO 2012/006308 PCT/US2011/043010

METHODS, DEVICES, AND SYSTEMS RELATING TO A SENSING DEVICE

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Patent
Application Serial Number 12/833,894, filed July 9, 2010, for “METHODS, DEVICES,
AND SYSTEMS RELATING TO A SENSING DEVICE.”

GOVERNMENT RIGHTS
The United States Government has certain rights in this invention pursuant to
Contract Nos. NAS8-97238 and NNMO7AA75C between the National Aeronautics and

Space Administration and Alliant Techsystems Inc.

TECHNICAL FIELD
This invention, in various embodiments, relates generally to measuring one or
more characteristics of an object and, more specifically, to methods, devices, and systems

for determining a shape of an object.

BACKGROUND

Reusable solid rocket motor (RSRM) designs can be found in many rocketry
applications, with perhaps the best-known applications involving solid rocket boosters of
the Space Shuttle, or the Ares 1 rocket. The solid rocket boosters of a spacecraft may be
attached to opposite sides of a main external tank of the spacecraft and, together, may
furnish the majority of the thrust required to launch the spacecraft from 1ts mobile launch
platform and contribute to accelerate the vehicle to more than about 4800 km per hour
(3,000 miles per hour) before detaching and separating from the external tank.

FIG. 1 1s a perspective view of an example of a conventional RSRM 100 of a
spacecraft vehicle. RSRM 100 comprises a plurality of detachable segments connected to
each other by field joints 120 and factory joints 140. The term "field joint" 1s commonly

used in the field of rocketry to denote joints capable of being assembled in either a factory
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or the field. Field joints 120 and segmented design provides maximum tlexibility in
transportation, handling, recovery, refurbishment, assembly, and fabrication of
RSRM 100. For example, the segmenting of the solid rocket motor facilitates propellant

casting procedures and permits transportation of the large segments on heavy-duty railcars

incapable of carrying an assembled RSRM 100.
FIG. 2A is a partially cut-away view of a conventional RSRM comprising field

joints having a pressure-actuated joint system. With reference to FIG. 2A, RSRM 100
comprises a forward segment 121, a forward-center segment 122, an aft-center

segment 124, and an aft segment 126. Segments 121, 122, 124, and 126 may collectively
contain a solid propellant grain structure, which is illustrated as a center-pertforated
propellant grain structure 145. More specifically, each of segments 121, 122, 124, and 126

houses a portion or segment of propellant grain structure 145.

FIG. 2B is a sectional view of one of the field joints shown in FIG. 2A, and 1n
particular is a sectional view of a forward field joint 112 connecting the forward
segment 121 and forward-center segment 122 of the RSRM 100 of FIG. 2A. FIG. 2C1sa
sectional view of another one of the field joints shown in FIG. 2A, and in particular is a
sectional view of a center field joint 112a connecting the forward-center segment 122 and
an aft-center segment 124 of the RSRM 100 of FIG. 2A. FIG. 2D 1s a sectional view of
still another one of the field joints shown in FIG. 2A, and 1n particular is a sectional view
of an aft field joint 112b connecting the aft-center segment 124 and the aft segment 126 of
the RSRM 100 of FIG. 2A. FIG. 2E is a zoomed-in, enlarged view of the forward field
joint 112 ot FIG. 2B.

Also illustrated in FIG. 2B are inhibitors 193 and 203, each of which is shaped as
an annular radial disk. With reference to FIG. 2E, inhibitors 193 and 203 are disposed on
opposite sides of a channel 204, and may be applied after partial propellant cure.
Inhibitors 193 and 203 may be used to thermally protect propellant grain structure 145 and
control grain ignition. Inhibitors 193 and 203 may, for example, include materials such as
nitrile butadiene rubber (NBR) and carboxyl-terminated polybutadiene copolymer.

Inhibitors 193 and 203 may also include other ingredients, for example, fillers such as
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asbestos. Inhibitors 193 and 203 may be designed to bond to and cure simultaneously with
propellant grain structure 145.

As propellant grain structure 145 burns, portions of inhibitors 193 and 203 that
remain within an aperture of RSRM 100 may cause RSRM 100 to experience undesired
oscillations. More specifically, as an example, vortex shedding from inhibitor 193 or
inhibitor 203 may result in oscillations in the combustion chamber of RSRM 100 that may
undesirably shake an associated orbiter. Conventionally, in an effort to better understand
oscillations caused by an inhibitor within a combustion chamber of a rocket motor,
real-time radiography has been utilized to monitor a shape and a position of the inhibitor.
However, real-time radiography has proven to be inadequate due to slow frame rate and
poor resolution.

The inventors have appreciated that there is a need for enhanced methods, systems,
and devices for measuring characteristics of an object and, in particular, for methods,

devices, and systems for determining a shape of an object.

DISCLOSURE

An embodiment of the present invention comprises a method of determining at
least one characteristic of at least a portion of an object. The method may comprise at least
substantially aligning at least a portion of a sensing device including a structure having a
plurality of sensors coupled thereto with at least a portion of an object. The structure may
comprise one or more segments and each segment includes a first sensor of the plurality ot
sensors coupled to a first surface and a second sensor of the plurality of sensors coupled to
a second, opposite surface. The method may further include sensing a strain with each of
the first sensor and the second sensor at each segment of the one or more segments.
Furthermore, the method may include determining a curvature of each segment of the one
or more segments and determining at least one of a shape and a position of the at least a
portion of the object from the determined curvature of each segment.

Another embodiment of the present invention comprises a method of determining a
shape of an inhibitor within a rocket motor. The method may include positioning a

sensing device comprising a plurality of strain gauges adjacent to and at least in substantial



CA 02803384 2012-12-19
WO 2012/006308 PCT/US2011/043010

alignment with an inhibitor in a rocket motor. In addition, the method may include
determining a shape of the inhibitor by determining a shape of the sensing device.

Another embodiment of the present invention comprises a method of determining a
shape of at least a portion of an inhibitor within a rocket motor. The method comprises
sensing a strain exhibited on each of a first surface and a second, opposite surtace of each
segment of one or more segments of a structure embedded within at least a portion of an
inhibitor within a rocket motor. Additionally, the method may comprise determining a
curvature of each segment of the one or more segments from an associated strain sensed
on each of the first surface and the second surface. Moreover, the method may include
determining a shape of the at least a portion of the inhibitor from the determined curvature
of each segment of the structure.

Another embodiment of the present invention comprises a device. The device may
comprise a structure including a first surface and a second, opposite surtace, wherein the
structure comprises one or more segments. Further, the device may include a plurality of
sensors disposed on the structure, wherein each segment of the one or more segments
comprises a first sensor of the plurality of sensors coupled to the first surface and an
associated second sensor of the plurality of sensors coupled to the second surtace.
Moreover, each sensor of the plurality of sensors may be configured to measure a strain
exhibited on an adjacent surface of the structure at an associated segment ot the one or
more segments.

Another embodiment of the present invention comprises a system. The system
may comprise a device comprising a structure including a first side and a second side,
opposite the first side, wherein the structure comprises a plurality of segments. The device
may further include a plurality of sensors disposed on the structure, wherein each segment
comprises a sensor on each of the first side and the second side. Moreover, each sensor of
the plurality of sensors is configured to measure a strain exhibited on an adjacent surface
of the structure at an associated segment of the one or more segments. The system may
further comprise a computer operably coupled to the device and configured to receive data

from each sensor of the plurality of sensors.
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Yet another embodiment of the present invention includes a rocket motor. The
rocket motor comprises one or more inhibitors, wherein at least one inhibitor of the one or
more inhibitors includes a sensing device embedded therein. The sensing device may
comprise a structure including one or more sensors disposed on a first surface, wherein
each sensor of the one or more sensors disposed on the first surface 1s associated with a
sensor of one or more sensors disposed on a second surface, opposite the first surface.
Further, each sensor of the one or more of sensors is configured to measure a strain

exhibited on an adjacent surface of the structure.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is perspective view of an example of a conventional reusable solid rocket
motor of a spacecraft vehicle;

FIG. 2A is a partially cut-away view of a conventional reusable solid rocket motor
comprising field joints having a pressure-actuated joint system;

FIG. 2B is a sectional view of one of the field joints shown 1n FIG. 2A, and 1n
particular is a sectional view of a forward field joint connecting a forward segment and a
forward-center segments of the solid rocket motor of FIG. 2A;

FIG. 2C is a sectional view of another one of the field joints shown in FIG. 2A, and
in particular is a sectional view of a center field joint connecting a forward-center segment
and an aft-center segment of the solid rocket motor of FIG. 2A;

FIG. 2D is a sectional view of still another one of the field joints shown in
FIG. 2A, and in particular is a sectional view of an aft field joint connecting an att-center
segment and an aft segment of the solid rocket motor of FIG. 2A;

FIG. 2E is a zoomed-in, enlarged view of the forward field joint of FIG. 2B;

FIG. 3 illustrates a “half-bridge” Wheatstone bridge circuit;

FIG. 4 illustrates a structure comprising a plurality of segments having a plurality
of sensors coupled thereto, in accordance with an embodiment of the present mvention;

FIG. 5 is another depiction of the structure of FIG. 4 comprising a plurality of

segments having a plurality of sensors coupled thereto;
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FIG. 6 illustrates a plurality of sensors integrated within a flex circuit, according to
an embodiment of the present invention;

FIG. 7 illustrates a system including a computer operably coupled to a sensing
device, in accordance with an embodiment of the present invention;

FIG. 8 is a cross-sectional view of a portion of a rocket motor having a sensing
device embedded within an inhibitor, according to an embodiment of the present
invention;

FIG. 9 is an enlarged cross-sectional view of a portion of the rocket motor of
FIG. 8;

FIG. 10 is a perspective cut-away view of a portion of a rocket motor having a
sensing device positioned within an inhibitor, in accordance with an embodiment of the
present invention;

FIG. 11 illustrates a top-down view of the inhibitor of FIG. 10 with a sensing
device positioned therein, according to an embodiment of the present invention;

FIG. 12 is a cross-sectional view of a portion of the rocket motor of FIG. 10 having
a sensing device positioned within an inhibitor, according to an embodiment of the present
invention;

FIG. 13 is another illustration of a portion of a rocket motor having a sensing
device positioned within an inhibitor adjacent a propellant, in accordance with an
embodiment of the present invention;

FIG. 14 illustrates a sensing device coupled to a game controller, according to an
embodiment of the present invention; and

FIG. 15 illustrates a sensing device positioned adjacent to and at least in substantial
alignment with a surface of an object, in accordance with an embodiment of the present

invention.

MODE(S) FOR CARRYING OUT THE INVENTION
In the following description, circuits and functions may be shown in block diagram
form in order not to obscure the present invention in unnecessary detail. Conversely,

specific circuit implementations shown and described are examples only and should not be
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construed as the only way to implement the present invention unless specified otherwise
herein. Additionally, block definitions and partitioning of logic between various blocks 1s
exemplary of a specific implementation. It will be readily apparent to one of ordinary skill
in the art that the present invention may be practiced by numerous other partitioning
solutions. For the most part, details concerning timing considerations and the like have
been omitted where such details are not necessary to obtain a complete understanding ot
the present invention and are within the abilities of persons of ordinary skill in the relevant
art.

It should be understood that any reference to an element herein using a designation
such as “first,” “second,” and so forth does not limit the quantity or order of those
elements, unless such limitation is explicitly stated. Rather, these designations may be
used herein as a convenient method of distinguishing between two or more elements or
instances of an element. Thus, a reference to first and second elements does not mean that
only two elements may be employed there or that the first element must precede the
second element in some manner. Also, unless stated otherwise, a set of elements may
comprise one or more elements.

In this description, some drawings may illustrate signals as a single signal for
clarity of presentation and description. It will be understood by a person of ordinary skill
in the art that the signal may represent a bus of signals, wherein the bus may have a variety
of bit widths and the present invention may be implemented on any number of data
signals, including a single data signal. In describing embodiments of the present invention,
the systems and elements incorporating embodiments of the invention are described to
facilitate an enhanced understanding of the function of the described embodiments of the
invention as it may be implemented within these systems and elements.

' When executed as firmware or software, the instructions for pertorming

the methods and processes described herein may be stored on a computer readable
medium. A computer readable medium includes, but is not limited to, magnetic and
optical storage devices such as disk drives, magnetic tape, CDs (compact discs), DVDs
(digital versatile discs or digital video discs), and semiconductor devices such as RAM,

DRAM, ROM, EPROM, and Flash memory.



CA 02803384 2012-12-19
WO 2012/006308 PCT/US2011/043010

A strain gauge is a strain-sensitive device employed to sense strain, such as that
caused by stress in the form of tensile or compressive forces applied to a structure.
Conventional strain gauges typically employ a strain sensing element adhered to at least
one surface on or within the structure such that, when the structure exhibits a strain 1n
response to an applied stress, the resistance of the sensing element changes 1n proportion to
the sensed strain. The measured strain is generally calculated based on the change in
resistance in the sensing element as the structure is compressed or elongated, thus
exhibiting or manifesting the strain. Strain gauges can be used to measure bending, axial
and torsional strain, or a combination of strain effects, on a strucmré resulting from various
applied loads.

Strain gauges may include foil type strain gauges comprising a pattern of resistive
foil mounted on a backing surface. Furthermore, strain gauges may include semiconductor
strain gauges, which are often preferred over foil gauges when measuring small amounts
of strain. Strain gauges may be attached to a flexible plastic substrate which, in turn, 1s
coupled (e.g., bonded) to the structure for which the strain is to be determined. As known
by one having ordinary skill in the art, in order to measure a physical property with one or
more coupled sensors, the sensors may be integrated within a measurement circuit
configured to measure the changes in an electrical property corresponding to a change in a
physical property, such as temperature or strain. For example, a strain gauge may be
implemented within a Wheatstone bridge circuit, which converts the sensed resistance to a
voltage signal. To obtain the voltage signal, it 1s generally required to further connect a
differential amplifier and a current source to the Wheatstone bridge circuit. As a more
specific example, a measurement circuit may include a “half-bridge” Wheatstone bridge
circuit including at least two sensors configured to measure strain.

FIG. 3 illustrates an example ot a “half-bridge” Wheatstone bridge circuit 250.

The Wheatstone bridge circuit 250 includes branches 310A, 310B, 310C, and 310D. First
branch 310A includes a first sensor 304 A, second branch 310B includes a second

sensor 304B, and third branch 310C and fourth branch 310D may include resistors R, and
R,, respectively. For example only, and not by way of limitation, each of first sensor 304A

and second sensor 304B may comprise a strain gauge. Operation of a “half-bridge”
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Wheatstone bridge is well known in the art and, therefore, will not be discussed 1n detail.
It is noted, however, that Wheatstone bridge circuit 250 may be configured such that a
strain associated with first sensor 304 A and a strain associated with second sensor 304B
may be simultaneously measured.

FIG. 4 illustrates a structure 300 comprising a plurality of segments 302A-302E
having a plurality of sensors 304A coupled thereto, in accordance with an embodiment of
the present invention. FIG. 5 is another depiction of a portion of the structure 300 of
FIG. 4 comprising a plurality of segments 302A, 302B having a plurality of sensors
coupled thereto. Referring to FIGS. 4 and 5 the structure 300 may include a plurality of
segments 302 (i.e., segments 302A-302E in FIG. 4 and segment 302A and 302B n
FIG. 5), wherein each segment 302 comprises a pair of sensors 304A, 304B associated
therewith (e.g., being bonded thereto). More specifically, each of the plurality of
segments 302 comprises a first sensor 304A coupled to a first surface 306 and a second
sensor 304B coupled to a second surface 308 of the structure 300, wherein the second
surface 308 is opposite the first surface 306. It is noted that neither second surface 308 nor
second sensor 304B are visible in the perspective view in FIG. 4; however, second
surface 308 and second sensor 304B are visible in the depiction of structure 300 in FIG. 3.
The sensors 304A, 304B may comprise a strain gauge. By way of example only, the
structure 300 may comprise a flexible metal strip having a thickness D of approximately
0.7 inch. Although FIGS. 4 and 5 illustrate structure 300 including five segments and two
segments, respectively, the present invention 1s not so limited and structure 300 may
comprise any number of segments.

With continued reference to FIGS. 4 and 5, as will be understood by a person
having ordinary skill in the art, as a segment (e.g., segment 302A) of structure 300 bends,
sensor 304 A and associated sensor 304B (see FIG. 5) may each measure a strain. More
specifically, as an example, as segment 302A bends in one direction, sensor 304A may be
stretched and a strain measured by sensor 304A may be determined. Furthermore,
sensor 304B (see FIG. 5) may be compressed and a strain measured by sensor 304B may
also be determined. After an amount of strain measured by each of sensor 304A and

sensor 304B is determined, a curvature of an associated segment (e.g., segment 302A) at a
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moment in time may be determined according to methods known in the art. For example
only, a curvature of associated segment 302A may be determined according to well-known
beam deflection theory. Furthermore, the curvature of segment 302A may be integrated
over a length L of segment 302A to determine a shape of segment 302A at a moment 1n
time. Moreover, after determining a shape of every other segment 302 (1.e.,

segments 302B-302E) of structure 300 in a similar manner, a shape of structure 300 at a
moment in time may be determined. Furthermore, a method for determining a shape of
structure 300 at a moment in time may be repeated at a specific frequency to determine a
shape of structure 300 as a function of time. Moreover, the shape of structure 300 may be
used to determine a position of structure 300 relative to a known original position and
original shape of structure 300.

FIG. 6 illustrates a plurality of sensors 304A, 304B integrated within a flex
circuit 390 according to an embodiment of the present invention. In other words,
according to one embodiment illustrated in FIG. 6, sensors 304A, 304B and associated
circuitry (e.g., Wheatstone bridges) may be integrated within a flex circuit 390, as will be
understood by a person having ordinary skill in the art. In this embodiment, flex
circuit 390 may be folded along a center line 392 and wrapped around and coupled to a
structure 300.

FIG. 7 illustrates a system 660 including a computer 662 operably coupled to
sensing device 650 in accordance with an embodiment of the present invention. The
sensing device 650 may include structure 300, sensors 304A, 304B, and associated
circuitry, the examples of which are described with reference to FIGS. 3-5. The sensing
device 650 may be positioned adjacent to and at least in substantial alighment with an
object 664 for which a shape is to be determined. As described below, object 664 may
comprise, for example only, an inhibitor within a rocket motor, a body part (e.g., a imb), a
video game input device, or construction material (e.g., a piece of wood). It is noted that,

- depending on the application, sensing device 650 may be associated with object 664,
including being positioned adjacent object 664, coupled to object 664, bonded to
object 664, embedded within object 664, or any combination thereof. Computer 662 may

include a processor 666 and a memory 668. Memory 668 may include a computer
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readable medium (e.g., data storage device 670), which may include, but is not limited to,
magnetic and optical storage devices such as disk drives, magnetic tape, CDs, DVDs, and
semiconductor devices such as RAM, DRAM, ROM, EPROM, and Flash memory.
Memory 668 may include one or more software applications configured for performing
various methods described herein. For example, memory 668 may include one or more
software applications (e.g., instructions) configured for receiving data from sensing
device 650 and, thereafter, computing one or more characteristics associated with

object 664. For example, a shape of object 664, a position of object 664, a vibrational
frequency of object 664, an erosion rate of object 664, and any harmonic frequencies
associated with object 664 may each be computed, as described more tully below. One or
more characteristics associated with the object 664 may also be transferred to the
computer 662.

The devices, systems, and methods of the various embodiments described herein
have a multitude of different applications. As non-limiting examples, the various
embodiments of the present disclosure may be utilized within rocket motor applications,
video gaming applications, construction applications, industrial process applications, and
medical applications.

One non-limiting example application may comprise employing sensing
device 650 to monitor one or more characteristics (e.g., a shape) of an inhibitor within a
rocket motor (e.g., RSRM). FIG. 8 is a cross-sectional view of a portion of a rocket
motor 600 according to an embodiment of the present invention. FIG. 9 1s an enlarged
cross-sectional view of a portion of the rocket motor 600 of FIG. 8. Referring to FIGS. &
and 9 rocket motor 600 comprises a field joint 612 connecting a first segment 621 and a
second segment 622. For example, first segment 621 may comprise a forward segment
and second segment 622 may comprises a forward-center segment. Segments 621 and 622
may collectively contain a solid propellant grain structure, which 1s illustrated as a
center-perforated propellant grain structure 640. More specifically, each of segments 621
and 622 may house a portion or segment of propellant grain structure 640. Also 1illustrated
are first and second inhibitors 630, 632, each of which may be shaped as an annular radial

disk. As will be understood by a person having ordinary skill in the art, the first
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inhibitor 630 may comprise a forward-facing field joint inhibitor. Furthermore, the first
inhibitor 630 may comprise for example, a polybenzimidazole fiber reinforced nitrile
butadiene rubber (PBI-NBR) inhibitor and second inhibitor 632 may comprise, for
example, a castable inhibitor. FIG. 9 is a zoomed in, enlarged cross-sectional view of a
portion of field joint 612 and first and second inhibitors 630, 632.

As further illustrated in FIGS. 8 and 9, sensing device 650 may be embedded
within first inhibitor 630. As will be understood by person having ordinary skill in the art,
first inhibitor 630 may comprise a plurality of viscoelastic material sheets in a layered
arrangement, wherein each material sheet may be comprised of one of asbestos fiber
reinforced nitrile butadiene rubber (ASNBR) and PBI-NBR. Accordingly, before first
inhibitor 630 is cured, sensing device 650 may be positioned between adjacent material
sheets of first inhibitor 630. Thereafter, a curing process (€.g., vulcanization) may be
performed to embed sensing device 650 within first inhibitor 630. Sensing device 650
may be positioned (e.g., centered) between a top surface of first inhibitor 630 and a bottom
surface of first inhibitor 630. Although not illustrated in FIG. 9, second inhibitor 632 may
also include a sensing device embedded therein.

FIG. 10 illustrates a perspective cut-away view of a portion ot a rocket motor 700
including a sensing device 650 positioned within an inhibitor 730, in accordance with an
embodiment of the present invention. The rocket motor 700 includes a casing 702 and a
propellant 704 with an aperture 706 extending therethrough. Portion of rocket motor 700
also includes an inhibitor 730, which may comprise first inhibitor 630 illustrated in
FIGS. 8 and 9. Furthermore, sensing device 650, which is embedded within inhibitor 730,
is also illustrated. FIG. 11 illustrates a top-down view of the inhibitor 730 ot FIG. 10 with
sensing device 650 positioned therein, according to an embodiment of the present
invention. FIG. 12 is a cross-sectional view of a portion of rocket motor 700 of FIG. 10
having a sensing device 650 positioned within inhibitor 730, according to an embodiment
of the present invention. As illustrated in each of FIGS. 10-12, sensing device 650 may

extend from an outer radial edge 656 of inhibitor 730 to an inner radial edge 658 of
mhibitor 730.
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FIG. 13 is another illustration of a portion of rocket motor 700 including sensing a
device 650 positioned within inhibitor 730 adjacent a propellant 704, in accordance with
an embodiment of the present invention. It is noted that FIG. 13 illustrates portion of
rocket motor 700 after a portion of a propellant (e.g., propellant 704) has been depleted
(e.g., burned, consumed, etc.). Reference numeral 750 illustrates an area (1.€., a void) that
had previously comprised propellant 704. As a result of the propellant being depleted, a
portion of inhibitor 730 adjacent area 750 may be unsupported. Therefore, a portion of
inhibitor 730 adjacent area 750 may be displaced within an aperture of rocket motor 700
and may cause undesired oscillations within rocket motor 700. More specifically, as an
example, vortex shedding from inhibitor 730 may result in oscillations in the combustion
chamber of rocket motor 700 that may undesirably shake an associated orbiter. As will be
understood by a person having ordinary skill in the art, a shape and a position of sensing
device 650 may be dependent on a shape and a position of inhibitor 730. Stated another
way, each of a shape and a position of sensing device 650 may be similar, or identical, to
that of inhibitor 730. Accordingly, by measuring a shape of sensing device 650, a shape of
inhibitor 730 may be determined. Furthermore, a relative position of inhibitor 730 may be
determined by determining a relative position of sensing device 650.

As noted above with respect to FIGS. 4 and 5, a method for determining a shape ot
a structure may be repeated at a certain frequency to determine a shape of the structure as a
function of time. With reference to FIG. 13, by employing the methods described above, a
shape of sensing device 650 and, therefore, a shape of inhibitor 730 as a function of time
may be determined. Furthermore, according to methods known in the art, a vibrational
frequency of inhibitor 730 may be determined from the shape of sensing device 650 as a
function of time. As one example, a vibrational frequency of inhibitor 730 may be
mathematically determined from the shape of sensing device 650 as a function of time and
a known measurement rate (i.e., the frequency at which measurements are taken). As
another example, a vibrational frequency of inhibitor 730 may be determined by visually
observing the shape of inhibitor 730 as a function of time. Furthermore, for example, a
Fourier transform may be performed on the time-domain data (i.e., the shape of

inhibitor 730 as a function of time) to generate frequency spectra, which may be used to
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determine a vibrational frequency and any harmonic frequencies associated with
inhibitor 730 that may exist.

Furthermore, as a propellant (e.g., propellant 704) within a rocket motor 1s depleted
(e.g., burns), a portion of an inhibitor (e.g., inhibitor 730) and adjacent portions of sensing
device 650 may also burn and disintegrate. With reference to FIGS. 4, 5, and 13, as
segment 302A burns and possibly disintegrates, associated sensors 304A and 304B may
also disintegrate and, therefore, may not produce accurate measurements, 1f any
measurements at all. Accordingly, an erosion rate of inhibitor 730 may be determined by
monitoring a loss of measured data from sensing device 650. Stated another way, as a pair
of associated sensors (i.e., sensors 304A and 304B) within a segment (e.g., segment 302A)
of sensing device fail to produce data, it may be assumed that the sensors and the segment,
as well as the portion of the inhibitor, which was previousty adjacent to the sensors, has
burned and disintegrated.

Various embodiments, as described above, may enable for one or more
characteristics of an inhibitor within a combustion chamber of a rocket motor to be
monitored. Accordingly, it may be possible to better understand why and how one or
more characteristics of the inhibitor affect, and possibly cause, oscillations within a rocket
motor. For example, embodiments of the present invention may enable one to determine
if, and possibly how, a shape and/or the flexibility of an inhibitor affects oscillations within
a rocket motor. With a better understanding of a relationship between inhibitors and
oscillations within a rocket motor, inhibitor designs may be modified in an effort to
minimize the oscillations.

As noted above, the devices, systems, and methods of the various embodiments
described herein have a multitude of different applications in addition to the rocket motor

-~ applications described above. One contemplated application of embodiments ot the
present disclosure is in video gaming. For example, sensing device 650 may be utilized to
determine a position and a direction of an input device (e.g., a game controller) relative to
a fixed reference.

For example, FIG. 14 illustrates a sensing device 650 coupled to a game

controller 782, according to an embodiment of the present invention. A first end 651 of
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sensing device 650 may be coupled to a stationary reference 780, such as a video game
console, and a second end 653 of sensing device 650 may be coupled to a game
controller 782 (e.g., a sword). The position and orientation of game controller 782 may
then be determined by integrating a measured curvature of sensing device 650 from first
end 651 of sensing device 650 to second end 653 of sensing device 650.

As another example, embodiments of the invention may be utilized within medical
applications. FIG. 15 illustrates sensing device 650 positioned adjacent to and at least in
substantial alignment with a surface 822 of an object 820, in accordance with an
embodiment of the present invention. In one example in which object 820 cbmprises a
limb (e.g., an arm or a leg), sensing device 650 may be used to determine a range of
motion of the limb. In another example in which object 820 comprises a chest of a living
being, sensing device 650 may be used to monitor breathing patters by measuring a
oeometry of the chest over time. Other contemplated examples may include utilizing
sensing device 650 for measuring muscle contractions or a curvature of a spine.
Moreover, sensing device 650 may used to monitor characteristics (e.g., shape and
position) of a surgeon’s hand while performing surgery.

In addition, embodiments of the present invention may be employed to transter a
contour of a real world object to a computer (e.g., computer 662). For example, with
reference again to FIG. 15, sensing device 650 may be positioned on surface 822 ot
object 820 (e.g., a curved piece of wood) in a manner so that a contour of sensing
device 650 at least substantially matches a contour of object 820. The shape of sensing
device 650 and, thus, the contour of the object 820 may then be transterred to a computer.
Similarly, sensing device 650 may be used to transfer a contour of a virtual object to a real
world object. For example, sensing device 650 may be placed on a real world object (e.g.,
a board or a piece of cloth) and positioned in a manner to match a contour of a virtual
object displayed on a computer screen. It is noted that the computer may include software
configured to inform a user when a contour of sensing device 650 matches a contour of a
virtual object. After tracing the contour of sensing device 650 onto the real world object,
the real world object may be cut accordingly. As yet another example, sensing device 650

may be used for angle measurements in the construction mdustry.
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Specific embodiments have been shown by way of example in the drawings and
have been described in detail herein; however, the invention may be susceptible to various
modifications and alternative forms. It should be understood that the invention 1s not
intended to be limited to the particular forms disclosed. Rather, the invention includes all
modifications, equivalents, and alternatives falling within the scope ot the invention as

defined by the following appended claims, and their legal equivalents.
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AMENDED CLAIMS
received by the International Bureau on
06 December 2011.

1. A method of determining a shape of an inhtbitor (630) within a rocket motor

(600), comprising:

positioning a sensing device (630) comprising a plurality of strain gauges (304A, 304B)
adjacent to and at least in substantial alignment with an inhibitor (630) in a rocket
motor (600); and

determining a shape of the inhibitor (630) by determining a shape of the sensing device
(650).

2. The method of claim 1., wherein positioning a sensing device (650)
comprising a plurality of strain gauges (304A, 304B) adjacent to and at least in substantial
alignment with an inhibitor (630) comprises embedding the sensing device (650) in the
inhibitor (630).

3. The method of claim 1, wherein determining a shape of the sensing device

(650) comprises determining a curvature of the sensing device (650).

4, The method of claim 1, wherein determining the shape of the sensing device
(650) includes measuring a strain exhibited on each of the plurality of strain gauges (304A,
304B).

S. The method of claim 1, wherein determining the shape of the inhibitor
(630) includes:
sensing a strain exhibited on each of a first surface and a second, opposite surface of each
segment of one or more segments (302A, 302B) of the sensing device
(650);determining a curvature of each segment of the one or more segments (302A,
302B) from an associated strain sensed on each of the first surface and the second
surface; and

determining the shape of the at least a portion of the inhibitor (630) from the determined
curvature of each segment (302A. 302B) of the sensing device (650).

AMENDED SHEET (ARTICLE 19)
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6. The method of claim 5, wherein determining the shape of the at least a

portion of the inhibitor (630) is determined as a function of time.

7. The method of claim 6, further comprising generating frequency spectra
from the shape of the at least a portion of the inhibitor (630) as a function of time.

8. The method of claim 5, further comprising determining a vibrational

frequency of the at least a portion of the inhibitor (630).

9. The method of claim5, further comprising determining a position of the at

least a portion of the inhibitor (630) relative to an original position of the at least a portion
of the inhibitor (630).

10.  The method of claim §, further comprising determining an erosion rate of
the at least a portion of the inhibitor (630).

11.  The method of claim 10, wherein determining an erosion rate of the at least
a portion of the inhibitor (630) includes monitoring a loss of measured data from the

sensing device (650).

12.  The method of claim 10, wherein determining an erosion rate of the at least
a portion of the inhibitor (630) includes monitoring a failure of one or more of the plurality
of strain gauges (304A, 304B) as at least a portion of the inhibitor (630) 1s burmed.

13.  The method of claim 1, wherein determining the shape of the sensing device
(650) includes:
at least substantially aligning at least a portion of the sensing device (650) including the
plurality of strain gauges with at least a portion of the inhibitor (630), wherein the
sensing device (650) comprises one or mor¢ segments (302A, 302B) and each
segment includes a first strain gauge (304A) of the plurality of strain gauges (304A,
304B) coupled to a first surface and a second strain gauge (304B) of the plurality of

strain gauges (304 A, 304B) coupled to a second, opposite surface of the sensing
device (650);

AMENDED SHEET (ARTICLE 19)
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sensing a strain with each of the first strain gauge (304A) and the second strain gauge
(304B) at cach segment of the one or more segments (302A, 302B);

determining a curvature of each segment of the one or more segments (3024, 302B); and

determining at Jeast one of a shape and a position of the at least a portion of the inhibitor
(630) from the determined curvature of each segment (302A, 302B).

14.  The method of claim 13, wherein at least substantially aligning a sensing
device (650) with at least a portion of inhibitor (630) comprises embedding the sensing
device (650) within the at least a portion of the inhibitor (630).

15. The method of claim I, wherein at Jeast substantially aligning a sensing
device (650) with at least a portion of the inhibitor (630) comprises coupling the sensing
device (650) to the at least a portion of the inhibitor (630).

16.  The method of claim 1, further comprising coupling another portion of the

sensing device (650) to a stationary reference.

17.  The method of claim 1, wherein determining at least one of a shape and a

position comprises determining a shape of the at least a portion of the inhibitor (630) and
transferring the shape to a computer (662).

18. A device, comprising:

at least one inhibitor (630) of a rocket motor (600);

a structure including a first surface and a second, opposite surface, wherein the structure
comprises one or more segments (302A, 302B); and

a plurality of sensors (304A, 30413) disposed on the structure, wherein each scgment of the
one or more segments (302A, 302B) comprises a first sensor (304A) of the plurality

of sensors (3044, 304B) coupled to the first surface and an associated second sensor
(304B) of the plurality of sensors (304A, 304B) coupled to the second surface;
wherein the structure is coupled to the at least one inhibitor (630), and wherein each sensor

of the plurality of sensors (304A, 304B) is configured to measure a strain ¢xhibited

on an adjacent surface of the structure at an associated segment of the one or more
segments (3024, 302B).

AMENDED SHEET (ARTICLE 19)
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19.  The device of claim 18, wherein each sensor of the plurality of sensors

(304A, 304B) comprises a strain gauge.

20.  The device of claim 18, wherein the structure comprises a metal strip having

a thickness of approximately 0.7 inch.

21. The device of claim 18, wherein the plurality of sensors (304A, 304B) are

integrated within a flex circuit coupled to the structure.

22.  The device of claim 18, wherein the first sensor (304A) and the associated

second sensor (304B) are integrated within a “half-bridge” Wheatstone bridge circuit.

23. The device of any one of claims 18 through 22, further comprising:
a computer (662) operably coupled to the plurality of sensors (3044, 304B), and configured
to receive data from each sensor of the plurality of sensors (3044, 304B).

24.  The device of any one of claims 18 through 22, further compnising the
rocket motor (600) having one or more inhibitors (630), including the at least one inhibitor

(630) including the structure and the plurality of sensors (304A, 304B) postitioned therein.

25.  The device of claim 24, wherein the at least one inhibitor (630) comprises a
forward-facing field joint inhtbitor (630).

AMENDED SHEET (ARTICLE 19)
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