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TAILORABLE STIFFNESS SHAPE
MORPHING FLOW-PATH

FIG. 1 is a ?oW diagram of aircraft production and service
methodology in accordance With an advantageous embodi

ment;
FIG. 2 is a block diagram of an aircraft in accordance With

BACKGROUND INFORMATION

an advantageous embodiment;
FIG. 3 is a block diagram of a shape morphing system in
accordance With an advantageous embodiment;

1. Field
The present disclosure relates generally to a ?exible struc
ture, and more speci?cally to an improved morphing ?oW

FIG. 4 is a block diagram of a ?exible Wall system in

path.

accordance With an advantageous embodiment;
FIG. 5 is a block diagram of an aircraft engine in accor

2. Background

dance With an advantageous embodiment;
FIG. 6 is a block diagram of a morphing Wind tunnel in
accordance With an advantageous embodiment;

In a hypersonic aircraft or missile that includes a scramjet

or ramj et engine, forWard speed of the hypersonic air vehicle
compresses air?oW as it enters a duct of an air inlet of the

FIGS. 7A-7B are a block diagram of a ?exible Wall section

scramj et or ramj et engine and passes through the engine. This
compression increases the air pressure to a pressure higher
than that of the surrounding air. In a combustor of the scramj et

in accordance With an advantageous embodiment;

or ramj et engine, fuel is ignited in the air?oW. Rapid expan
sion of hot air out an exhaust noZZle of the scramjet engine

accordance With an advantageous embodiment;

produces thrust.

accordance With an advantageous embodiment; and

The optimum shape of the duct depends on the speed of the
hypersonic aircraft or missile. Therefore, for optimum per
formance, the shape of the duct must change as the hyper
sonic air vehicle ?ies. Typically, the shape of the duct has

FIG. 8 is a block diagram of a ?exible Wall system in
FIG. 9 is a block diagram of a ?exible Wall system in
20

FIG. 11 is a ?oWchart illustrating a process for manufac
turing a ?exible plate in accordance With an illustrative
embodiment.

been changed by mechanically moving large panels. This
approach involves the use of hinges and sliding mechanisms,
Which are heavy and add to the Weight of an air vehicle. These
types of mechanisms also have hot seals that can experience
dif?culties. Also, the use of these mechanisms may require
increased maintenance, Which may take the vehicle out of
service for a period of time.
Therefore, it Would be advantageous to have a method and
apparatus that overcomes the issues above.

FIGS. 10A-10B are a block diagram of a ?exible Wall

system in accordance With an advantageous embodiment;

25

DETAILED DESCRIPTION

Referring more particularly to the draWings, embodiments
30

of the disclosure may be described in the context of an aircraft
manufacturing and service method 100 as shoWn in FIG. 1
and an aircraft 200 as shoWn in FIG. 2. During pre-produc

tion, exemplary method 100 may include speci?cation and
design 102 of the aircraft 200 and material procurement 104.

During production, component and subassembly manufac

SUMMARY
35

The illustrative embodiments provide an apparatus and
method for an improved morphing ?oW path. In an illustrative

While in service by a customer, the aircraft 200 is scheduled
for routine maintenance and service 114, Which may also

embodiment, a ?exible structure has a plurality of sections
Which include a ?rst section and a second section. An actuator
system is connected to the ?exible structure and includes a

40

number of actuators. The actuator system is capable of chang
ing a con?guration of the ?exible structure. A controller is
connected to the actuator system. The controller is capable of
changing a position of a number of actuators Within the actua
tor system.
In another illustrative embodiment, a number of shapes
required for a ?exible structure is determined. Material
attributes required to achieve the number of shapes are deter
mined and the structure properties are varied along the length
to achieve the desired shapes using a reduced number of

Each of the processes of method 100 may be performed or
carried out by a system integrator, a third party, and/or an
operator, such as a customer. For the purposes of this descrip
45

number of vendors, subcontractors, and suppliers; and an
operator may be an airline, leasing company, military entity,
50

ity of systems 206 and an interior 208. Examples of high-level
systems 206 include one or more of a propulsion system 210,
55

BRIEF DESCRIPTION OF THE DRAWINGS

draWings, Wherein:

service organization, and so on.

As shoWn in FIG. 2, the aircraft 200 produced by exem
plary method 100 may include an airframe 202 With a plural

description and draWings.

mode of use, further objectives and advantages thereof, Will
best be understood by reference to the folloWing detailed
description of an advantageous embodiment of the present
disclosure When read in conjunction With the accompanying

tion, a system integrator may include Without limitation any
number of aircraft manufacturers and maj or-system subcon
tractors; a third party may include Without limitation any

The features, functions, and advantages can be achieved
independently in various embodiments of the present disclo

The novel features believed characteristic of the advanta
geous embodiments are set forth in the appended claims. The
advantageous embodiments, hoWever, as Well as a preferred

include modi?cation, recon?guration, refurbishment, and so
on.

actuators.

sure, or may be combined in yet other embodiments in Which
further details can be seen With reference to the folloWing

turing 106 and system integration 108 of the aircraft 200 takes
place. Thereafter, the aircraft 200 may go through certi?ca
tion and delivery 110 in order to be placed in service 112.

60

an electrical system 212, a hydraulic system 214, an environ
mental system 216, and a fuel system 218. Any number of
other systems may be included. Although an aerospace

example is shoWn, the principles of the disclosure may be
applied to other industries, such as the automotive industry.
Apparatus and methods embodied herein may be
employed during any one or more of the stages of the produc
tion and service method 100. For example, components or
subassemblies corresponding to production process 106 may
be fabricated or manufactured in a manner similar to compo

65

nents or subassemblies produced While the aircraft 200 is in
service. Also, one or more apparatus embodiments, method
embodiments, or a combination thereof may be utiliZed dur

US 8,590,842 B2
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ing the production stages 106 and 108, for example, by sub

tailored portions of the system improve the shape changing

stantially expediting assembly of or reducing the cost of an

capabilities as Well, all in a loW complexity system.
As used herein, the phrase “at least one of ’, Whenused With

aircraft 200. Similarly, one or more of apparatus embodi
ments, method embodiments, or a combination thereof may

a list of items, means that different combinations of one or

more of the items may be used and only one of each item in the
list may be needed. For example, “at least one of item A, item

be utilized While the aircraft 200 is in service, for example and
Without limitation, to maintenance and service 114. Illustra
tive embodiments of the invention may be employed in air

B, and item C” may include, for example, Without limitation,
item A or itemA and item B. This example also may include
item A, item B, and item C or item B and item C.
With reference noW to FIG. 3, a block diagram of a shape
morphing system for a ?exible structure is depicted in accor
dance With an advantageous embodiment. A ?exible structure
is a structure that is capable of undergoing a change in shape

frame 202 and interior 208 of aircraft 200. Illustrative
embodiments of the invention may also be employed in sys
tems 206 of aircraft 200, such as propulsion system 210,

hydraulic system 214, and fuel system 218.
The different illustrative embodiments recognize a need

for a loW complexity morphing system capable of actuating
against high external forces and high temperatures. The dif

or form during a seamless transition. A ?exible structure may

also be referred to as a morpheable structure. Shape morphing
system 300 is one example of a system in Which a ?exible Wall
system may be implemented. In an illustrative embodiment,

ferent illustrative embodiments recogniZe that current meth

ods achieve desired shapes by bending solid homogenous
structures, Which require a large number of actuators, increas
ing the complexity of the system. Current methods can only

achieve high temperature capabilities by including an active
cooling system or passive brittle thermal barrier coatings,

shape morphing system 3 00 may be implemented in an object
such as, Without limitation, a Wind tunnel, an aircraft or
20

both of Which add to the complexity and Weight of the system

and limit the shape changing ability of the system.
Therefore, the illustrative embodiments provide an appa
ratus and method for an improved morphing ?oW path
exposed to high temperature and/ or pressure environments.A

25

canards, ?aps, ?ns, Winglets, strakes, and vertical/horizontal
stabiliZers. Shape morphing system 300 includes controller
302, ?exible Wall system 304, cooling system 306, and actua
30

by the design of the engine or the aircraft maneuvering/
control characteristics and depends on the vehicle air speed
and altitude. Morphing refers to the change in shape or form

Controller 302 is a processor or computer in Which com

late desired aircraft, missile, projectile, or engine response
35

characteristics into the ?exible structure shape(s) that Will

produce this response. Controller 302 adjusts the time-depen

to a change in shape or form of the object or structure the
air?oW is traveling through or over.

dent movement and shape of the ?exible Wall system 304
through the actuator system 308. Actuator system 308 may

In an illustrative embodiment, a ?exible structure has a

plurality of sections in Which a ?rst portion of the plurality of
sections has a number of attributes that provide a different

tor system 308.

puter usable program code or instructions may be located for
the illustrative embodiments. These coded algorithms trans

of an object or structure. A morphing ?oW path is an air?oW

path that undergoes a change, or morph, in con?guration due

moving over or around solid objects, such as an aircraft,
missile, or sub-scale models of these vehicles. An external

control surface may include, for example, Without limitation,

?oW path de?nes the path of air?oW through or over a struc
ture. A structure may be, for example, a ramjet or scramjet
engine duct, a Wind tunnel, or an external aircraft Wing or

control surface. The formation of the ?oW path is determined

missile engine, or an external aircraft, missile, or high-speed
projectile control surface. An aircraft or missile engine may
be, for example, Without limitation, a ramj et or scramjet
engine. A Wind tunnel is used to study the effects of air

include a number of actuators. As used herein, a number is
40 used to describe one or more of an item.

?exibility from a second portion of the plurality of sections.

For example, in one illustrative embodiment, actuator sys

An actuator system is connected to the ?exible structure and

tem 308 may include one actuator. In another illustrative
embodiment, actuator system 308 may include tWo or more

the actuator system is capable of changing the con?guration
tion of a number of actuatable elements Within the actuator

actuators. An actuator may be any type of device for moving
or controlling the structural shape. In one illustrative embodi
ment, actuator system 308 includes linear actuators, such as,

system.

Without limitation, hydraulic actuator, pieZoelectric actuator,

In another illustrative embodiment, a number of shapes
required for a ?exible structure is determined. Material
attributes required to achieve the number of shapes are deter
mined and the structure properties are varied along the length
to achieve the desired shapes using a reduced number of

electro -mechanical actuator, linear motor, or some other type
of linear actuator. Actuator system 308 can actuate against

of the ?exible structure. A controller is connected to the

actuator system. The controller is capable of changing a posi

45

50

High authority, in this context, refers to the ability of a ?exible

structure to undergo large deformation against high external
forces on a time scale that is consistent With the system

actuators. A number as used herein refers to one or more

items. For example, a number of shapes is one or more shapes.
In a third illustrative embodiment, the ?exible structure
could be used to control the external air ?oW over a hyper

control objectives.
55

sonic vehicle. This Would include changing the shape of a
Wing or other vertical/horizontal stabiliZing surfaces on the
aircraft or missile. The shape of these external surfaces could

be adjusted to maintain ?ight stability control or implement

high external forces, giving a ?exible structure high authority.

Actuator system 308 moves or controls ?exible Wall sys
tem 304 by applying force to a number of areas in a ?exible

structure in order to change, or morph, the shape of the struc
ture. Actuator system 308 is capable of generating force
against external forces. In an illustrative example, external
60

forces may reach pressures in excess of ?fteen pounds per

square inch (1 5 psi) during the operation of an engine, such as

active maneuvering using the same ?exible structures and
actuation schemes as envisioned for the internal engine ?oW

a ramjet or scramjet engine. Actuator system 308 moves or

paths.

controls ?exible Wall system 304 by applying force to a

As a result, the illustrative embodiments improve the capa
bilities of a shape morphing system to Withstand high pres
sures and temperatures and actuate effectively in conditions

number of areas of a Wall in order to change, or morph, the

presenting both high pressure and temperature. The locally

65

shape of the Wall.
In an illustrative embodiment, standoff plates may be inte

grated With cooling system 306. Cooling system 306 controls

US 8,590,842 B2
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the temperature of ?exible Wall system 304 and actuator
system 308. Cooling system 306 may use either an active
coolant or passive coolant. Active coolant may be, for
example, a ?uid Which ?oWs through an object or structure in
order to prevent it from overheating. An active coolant trans
fers the heat produced by the object or structure, or exposed to
the object or structure, to other objects that utiliZe or dissipate
it. Passive coolant may be, for example, a type of ?exible

408, in order to change, or morph, the shape of the Wall.

Actuator system 404 is capable of generating force against
external forces. In an illustrative example, external forces
may reach pressures in excess of ?fteen pounds per square

inch (15 psi) during the operation of an engine, such as a
ramj et or scramjet engine.
In one advantageous embodiment, a characteristic of ?ex
ible Wall system 400 involves the use ofheat-resistant ?exible

ceramic panels 408 that are capable of Withstanding tempera
tures in excess of 35000 F. during operation and thermally
isolating the hot surfaces from actuator system 404. Tempera
tures during operation of an engine, for example, may be due
to combustion occurring Within the engine. In one example,

thermal insulation. An example of a coolant that can be used

is a coolant With high thermal capacity, loW viscosity, that is
loW-cost, and is chemically inert, neither causing nor promot
ing corrosion of cooling system 306. Another illustrative
example of a suitable coolant is the fuel used for combustion

in the engine.

gas temperatures in an engine of a super or hyper-sonic air
craft or missile may reach up to 40000 F. during operation.

With reference noW to FIG. 4, a block diagram of a ?exible

Wall system is depicted in accordance With an advantageous

In another advantageous embodiment, ?exible Wall system

embodiment. Flexible Wall system 400 is an example of a

400 may also include standoff plates 412 that further separate
the heat-resistant panels from variable stiffness plates 406.
Standoff plates 412 are rigid structures that transfer the place
ment of force against variable stiffness plates 406 to ?exible
ceramic panels 408. This transfer of force alloWs a change in
shape applied to variable stiffness plates 406 to be transferred
to ?exible ceramic panels 408.
Flexible ceramic panels 408 may be any type of heat

?exible Wall system implemented in a shape morphing sys
tem such as ?exible Wall system 304 in shape morphing
system 300 of FIG. 3.
Flexible Wall system 400 is controlled by controller 402
through actuator system 404. In some advantageous embodi
ments, ?exible Wall system 400 may include attributes such

as, Without limitation, variable stiffness plates 406, ?exible
ceramic panels 408, standoff plates 412, ?exible pressure
isolation plates 414, and pressure feeds 416. Controller 402,
cooling system 410, and actuator system 404 are examples of
one implementation of controller 302, cooling system 306,

20

25

Without limitation, a ceramic matrix composite, thin ?exible

and actuator system 308 in FIG. 3. In some other advanta

geous embodiments, controller 402, cooling system 410, and

ceramic, or some other suitable material that is oxidation
30

actuator system 404 may also be attributes of ?exible Wall

system 400.
In some instances, ?exible Wall system 400 includes a
back-face, such as variable stiffness back-face 702 in FIG. 7,

composed of variable stiffness plates 406 and a front-face,
such as heat-resistant front-face 706 in FIG. 7, composed of
heat-resistant panels, such as ?exible ceramic panels 408.

35

Variable stiffness plates 406 can be tailored or selected during

manufacturing and assembly to provide the desired ?exibility
for each plate. In this instance, each plate may have a different
?exibility, or stiffness. The variable stiffness plates may also

pressures that Will closely match that of the engine on the
other side of ?exible Wall system 400 at that area of the
engine. The seals are used to seal ?exible pressure isolation

plates 414 against other components of the engine and ?ex
ible Wall system 400 that are in contact With them. In an
45

the thickness of the plates, the type of material used to manu
facture the plates, or the ?ller materials or ?ber layup used to

manufacture the plates. In the illustrative example of varying
the thickness of the plates, the thickness of the plates is varied
in discrete steps along the length of the plates. If more ?ex

resistant. Flexible ceramic panels 408 may be separate from
variable stiffness plates 406, or may themselves include the
variable stiffness features.
Standoff plates 412 and ?exible pressure isolation plates
414 are optional features of ?exible Wall system 400. Standoff
plates 412 and ?exible pressure isolation plates 414 may be
used to separate ?exible ceramic panels 408 from variable
stiffness plates 406. Flexible pressure isolation plates 414
include seals. Flexible pressure isolation plates 414 act to
separate the system into tWo or more areas With different

40

be referred to as tailorable stiffness plates.

The desired ?exibility for each plate is achieved by modi
fying the plate stiffness (i.e. tailorable stiffness). This may be
achieved through varying, for example, Without limitation,

resistant panels that are capable of Withstanding temperatures
during operation and isolating hot surfaces from actuator
system 404. These heat-resistant panels may be, for example,

illustrative example, the seals may be made of rubber, sili
cone, metals or ceramic ?bers depending on Where they are

located and What temperature they Will have to operate in.
The internal pressure varies signi?cantly doWn the length
of an engine ?oW path or Wind tunnel. Flexible isolation

more parts of the plate. In the illustrative example of varying

plates 414 may be added along the morphing structure length
to form locally closed volumes behind ?exible ceramic panels
408. These closed volumes provide the capability to introduce

the type of material used to manufacture the plates, a more
?exible, or less stiff, material is used in one or more parts of

Pressure feeds 416 raise or loWer the local pressure behind

50

ibility is desired, the thickness Would be diminished in one or

the plate Where a Wider range of morphing or shape change is

local pressure variations behind ?exible ceramic panels 408.
55

desired. A stiffer, less ?exible material may be used in one or

more parts of the plate Where a lesser range of morphing is
desired. In the illustrative example of varying the ?ller mate
rials or ?ber layup used to manufacture the plates, plate bend

ing stiffness is tailored by varying material components or
?ber layup used throughout sections or portions of the plate.

sure differential across the Wall. In one illustrative example, if
the pressures on both sides of ?exible Wall system 400 are

similar, the driving force for combustion gases to pass by the
60

seals is loWer and the seals requirements are relaxed. In
another illustrative example, if the pressure behind the ?ex
ible Wall system 400 is higher than in front, seals might not be
required at all.
The different components illustrated in ?exible Wall sys

65

tem 400 are not meant to provide physical or architectural

The tailored stiffness plates provide the morphing capabili
ties by having a design that assumes the desired change of
shape When force is applied by actuator system 404.
Actuator system 404 moves or controls ?exible Wall sys
tem 400 by applying force to a number of areas of a Wall, such
as variable stiffness plates 406 and/ or ?exible ceramic plates

?exible Wall system 400 to closely match that pressure in
front of ?exible Wall system 400, leading to a loW-level pres

limitations to the manner in Which different advantageous

embodiments may be implemented. The different illustrative

US 8,590,842 B2
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embodiments may be implemented in a ?exible Wall system
including components in addition to or in place of those
illustrated for ?exible Wall system 400. Other components
shoWn in FIG. 4 can be varied from the illustrative examples
shoWn. For example, controller 402 and actuator system 404
may be integrated Within ?exible Wall system 400 rather than
separate components as depicted above.

attached actuators 612, Which are examples of actuators that
may be a part of an actuator system, such as actuator system
404 in FIG. 4. Actuators 612 move and/or control front face

614 of Wind tunnel 600 by applying force to a number of areas

of front face 614 in order to change, or morph, the shape of
front face 614.
In one advantageous embodiment, front face 614 may be a
heat-resistant front face made of heat-resistant panels, such as
?exible ceramic panels 408 in FIG. 4. In another advanta
geous embodiment, front face 614 may include a heat-resis
tant front face, a variable stiffness back face, and standoff
plates, such as standoff plates 412 in FIG. 4. In this illustrative
example, the heat-resistant front face may be made of heat
resistant panels, such as ?exible ceramic panels 408 in FIG. 4,
and the variable stiffness back face may be made of variable
stiffness plates, such as variable stiffness plates 406 in FIG. 4.

With reference noW to FIG. 5, a diagram of an aircraft or

missile engine is depicted in accordance With an advanta
geous embodiment. Engine 500 is an example of a ?exible
structure in Which shape morphing system 300 in FIG. 3 may

be implemented. Engine 500 may be, for example, Without
limitation, a ramj et or scramj et engine of a hypersonic aircraft
or missile.

Shape morphing inlet 502 is an example of one implemen
tation of ?exible Wall system 400 in FIG. 4. Shape morphing
inlet 502 may morph, or change shape or form, during ?ight

With reference noW to FIGS. 7A-7B, a block diagram of a

according to material attributes, such as a tailored thickness
or type of material used to manufacture variable stiffness

plates, of shape morphing inlet 502. In one advantageous
embodiment, shape morphing inlet 502 may be an example of

20

one implementation of variable stiffness plates 406 in FIG. 4.

In another advantageous embodiment, shape morphing inlet
502 may be an example of one implementation of ?exible

ceramic panels 408 in FIG. 4. In yet another advantageous
embodiment, as illustrated in FIG. 10, shape morphing inlet
502 may include separate variable stiffness plates 406 (back
face 1004) and ?exible ceramic panels 408 (front face 1006)
that are linked by standoff plates 412 (standoff plates 1008).

25

ArroW 504 is an example of a morphing ?oW path. ArroW
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face 702, standoff plates 704, and heat-resistant front face
706. Variable stiffness back face 702 is an example of variable
stiffness plates 406 in FIG. 4. Standoff plates 704 are an

504 illustrates the ?oW path of air?oW into shape morphing
inlet 502, the portion of engine 500 Where air intake occurs.
Air is compressed as it ?oWs through shape morphing inlet
502 and past fuel injection 508. Fuel injection 508 alloWs fuel
to interact With the incoming air, Which acts as an oxidiZer,
and a spark created by ?ame holder 510 to create combustion
Within combustion chamber 512. This exothermic reaction
creates gases that reach high temperatures and pressures, and

410 in FIG. 4. Heat-resistant front face 706 is an example of
Flexible Wall section 710 depicts a section of a ?exible Wall
structure in Which a shape change, or morph, has occurred
35

based on force from an actuator system. The result is a dif

ferent shape than that of ?exible Wall section 700. The shape
may be any number of shapes that variable stiffness back face
712, standoff plates 714, and heat-resistant front face 716 of
?exible Wall section 710 are designed to achieve.

are permitted to expand. This expansion forces the air past
40

Shape morphing inlet 502 must Withstand the temperature
and pressure created during shock compression and sloWing
of the incoming ?oW, and be able to morph, or change shape,

45

With reference noW to FIG. 8, a block diagram of a ?exible

Wall system is depicted in accordance With an advantageous
embodiment. Flexible Wall system 800 is an example of one
implementation of ?exible Wall system 400 in FIG. 4 Where a
variable stiffness back face, such as variable stiffness back
face 702 in FIG. 7, is not required. FIG. 8 represents one

advantageous embodiment in Which ?exible pressure isola
tion plates 804 are introduced into the ?exible heat-resistant

Wall design.
Flexible Wall system 800 includes heat-resistant front face
50

802, ?exible pressure isolation plates 804, actuator 806,
actuator 808, controlled pressure feed 810, controlled pres
sure feed 812, and back Wall 814. Heat-resistant front face

and changes continuously throughout the ?ight.

802 includes a variable stiffness feature, such as variable

With reference noW to FIG. 6, a block diagram of a mor

phing Wind tunnel is depicted in accordance With an advan
tageous embodiment. Wind tunnel 600 is an example of a

example of standoff plates 412 in FIG. 4, and may also be
incorporated With a cooling system, such as cooling system

?exible ceramic panels 408 in FIG. 4.

noZZle 514 out the back of engine 500 in the form of exhaust
516. In an illustrative embodiment, high temperatures may be
temperatures that exceed 35000 F. In another illustrative
embodiment, high pressures may be pressures that exceed 15
ps1.

to accommodate the varying amount of incoming air ?oW
encountered at different ?ight altitudes and air speeds While
maintaining an optimal pressure for combustion. The optimal
pressure is determined by the current condition of the engine

?exible Wall section is depicted in accordance With an advan
tageous embodiment. Flexible Wall section 700 and ?exible
Wall section 710 are examples of a section of a ?exible Wall,
such as shape morphing inlet 502 in FIG. 5, or front face 614
in FIG. 6, for example. Flexible Wall section 700 and ?exible
Wall section 710 may be implemented in a ?exible Wall sys
tem such as ?exible Wall system 400 in FIG. 4.
Flexible Wall section 700 includes variable stiffness back

55

stiffness plates 406 in FIG. 4, that provides for direct control
of the ?exible Wall shape by the actuator system against

?exible structure in Which shape morphing system 300 in

heat-resistant front face 802. In this example, heat-resistant

FIG. 3 may be implemented. Aircraft model 604 is an
example of an aircraft or missile model used in a Wind tunnel,

front face 802 is composed of heat-resistant or ceramic mate
rials, such as ?exible ceramic panels 408 in FIG. 4.
Flexible pressure isolation plates 804 act to separate the

for example.
ArroW 602 represents the ?oW path of air?oW through Wind
tunnel 600. ArroW 602 is an example of a morphing ?oW path
through Wind tunnel 600. Aircraft model 604 ?ies against the
air ?oW depicted by arroW 602. The ?exible Wall system of
Wind tunnel 600 alloWs for an initial shape 606 to be morphed
into a deformed shape 608 to simulate different air ?oW
velocity and pressure regimes that an aircraft or missile Will

experience during operation. Back Wall 610 may include
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?exible Wall into tWo or more lateral sections With different

local pressures in the volume betWeen heat-resistant front
face 802 and back Wall 814.
Actuators 806 and 808 may mechanically move heat-resis
tant front face 802 to change the shape of the outer Wall by
65

applying force against heat-resistant front face 802. Con
trolled pressure feeds 810 and 812 adjust the pressure
betWeen back Wall 814 and heat-resistant front face 802 to a

US 8,590,842 B2
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determined based on the type of engine in a hypersonic air
craft or missile, the highest mach speed that Will need to be

level similar to the pressure acting on the front side of heat

resistant front face 802, thus reducing the amount of force
required by actuators 806 and 808.
In this illustrative example, ?exible Wall system 800

accommodated, and the amount of g-force the engine Will
have to endure. Next, the process determines the material

attributes required to achieve the required shapes (step 1104).

achieves morphing, or a change in shape or form, When actua
tors 806 and 808 apply force to heat-resistant front face 802.
The thickness or type of material used When manufacturing
heat-resistant front face 802 Will determine the degree of

The material attributes may be, Without limitation, a degree of
thickness in the material used, a type of material used, or a
type of ?ller added to a type of material used. Then, the

?exibility of the Wall, affecting the number of shapes that may

process tailors parts of the material according to the material
attributes determined (step 1106), With the process terminat

be achieved.

ing thereafter.

With reference noW to FIG. 9, a block diagram of a ?exible

The description of the different advantageous embodi

Wall system is depicted in accordance With an advantageous

ments has been presented for purposes of illustration and

embodiment. Flexible Wall system 900 is an example of one

implementation of ?exible Wall system 400 in FIG. 4. FIG. 9
represents a ?exible Wall system embodiment in Which the
heat resistant front face 902 is separated from the variable
stiffness back face 904 by standoff plates 906 to form a

description, and is not intended to be exhaustive or limited to

the embodiments in the form disclosed. Many modi?cations
and variations Will be apparent to those of ordinary skill in the
art. Further, different advantageous embodiments may pro
vide different advantages as compared to other advantageous

sandWich structure. Flexible insulation or coolant 908 may be

arranged Within or ?oWing through the space betWeen stand
off plates 906 to keep the heat from heat-resistant front face
902 from transferring back to variable stiffness back face 904

embodiments. The embodiment or embodiments selected are
20

and actuator 910.

Flexible Wall system 900 again includes actuator 910, con
trolled pressure feed 912, back Wall 914, and ?exible pressure
isolation plate 916. Heat-resistant front face 902 is composed

chosen and described in order to best explain the principles of
the embodiments, the practical application, and to enable
others of ordinary skill in the art to understand the disclosure
for various embodiments With various modi?cations as are

25

suited to the particular use contemplated.
What is claimed is:

of heat-resistant or ceramic materials, such as ?exible

1. An apparatus comprising:

ceramic panels 408 in FIG. 4.
Controlled pressure feed 912 adjusts the pressure betWeen

a ?exible structure comprising variable stiffness plates,
Wherein each variable stiffness plate of the variable stiff
ness plates is con?gured to have a desired degree of

back Wall 914 and variable stiffness back face 904 to a level
similar to the pressure acting on the front of heat-resistant

30

front face 902, thus reducing the amount of force required by
actuator 910.

tors, and Wherein the actuator system is con?gured to
change a con?guration of the ?exible structure; and

Flexible pressure isolation plates 916 act to separate the
?exible Wall into tWo or more lateral sections With different

local pressures in the volume betWeen variable stiffness back
face 904 and back Wall 914.

35

a controller connected to the actuator system, Wherein the
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controller is con?gured to change a position of the num
ber of actuators Within the actuator system.
2. The apparatus of claim 1, Wherein the ?exible structure
is comprised of a heat-resistant material.
3. The apparatus of claim 1, the ?exible structure further

In this illustrative example, ?exible Wall system 900
achieves morphing When actuator 912 applies force to vari
able stiffness back face 904. The force applied to variable
stiffness back face 904 is transferred to heat-resistant front

comprising:

face 902 through standoff plates 906. The shape resulting

?exible heat-resistant panels, Wherein the ?exible heat
resistant panels are con?gured to Withstand operational

from the force applied to variable stiffness back face 904 is
replicated in heat-resistant front face 902.
With reference noW to FIGS. 10A-10B, a ?exible Wall

system is depicted in accordance With an advantageous
embodiment. Flexible Wall system 1000 is an example of
?exible Wall system 400 in FIG. 4 and ?exible Wall system

temperatures .
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Section 1002 depicts variable stiffness back face 1004 and
50

1008 in a normal shape. Actuator 1010 is applying normal or
no force. In both FIGS. 10A and 10B, the actuator (1010 and
1 018) is mounted to the ?xed back Wall, such as back Wall 814
in FIG. 8, of the structure in order that the actuator can react

forces required to adjust the ?exible Wall shape. Section 1012
depicts variable stiffness back face 1014 and heat-resistant
front face 1016 in a morphed shape due to force being applied
by actuator 1018.
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6. The apparatus of claim 3, further comprising:
standoff plates, Wherein the standoff plates separate the
?exible heat-resistant panels from the variable stiffness

plates.
7. The apparatus of claim 6, further comprising:
a cooling system in thermal communication With the ?ex
60

accordance With an illustrative embodiment. This process

may be implemented during component and subassembly

ible heat-resistant panels.
8. The apparatus of claim 7, Wherein the cooling system
includes thermal insulation.

9. The apparatus of claim 7, Wherein the cooling system is

manufacturing 106 in FIG. 1.

The process begins by determining shapes required for a
morpheable structure (step 1102). These shapes may be deter

5. The apparatus of claim 4, further comprising:
a number of pressure feeds, Wherein the number of pres
sure feeds adjusts the local pressure in the local pressur
iZed volumes behind the ?exible structure.

With reference noW to FIG. 11, a ?oWchart illustrating a

process for manufacturing a ?exible plate is depicted in

4. The apparatus of claim 3, further comprising:
a number of ?exible pressure isolation plates, Wherein the
number of ?exible pressure isolation plates are placed in
juxtaposition to the ?exible structure to form local pres
suriZed volumes behind the ?exible structure.

900 in FIG. 9.

heat-resistant front face 1006 separated by standoff plates

?exibility;
an actuator system connected to the ?exible structure,
Wherein the actuator system includes a number of actua

mined based on a type of Wall that Will undergo pressure. For

con?gured to circulate a cooling ?uid in thermal communi
cation With the ?exible heat-resistant panels.
10. The apparatus of claim 3, the ?exible structure further

example, in an illustrative embodiment, the shapes may be

comprising:
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standoff plates positioned between the ?exible heat-resis
tant panels and the variable stiffness plates, Wherein the
?exible heat-resistant panels, the standoff plates, and the

plates, Wherein the variable stiffness plates are part of
the ?exible structure, the ?exible structure connected to
an actuator system, Wherein the actuator system
includes a number of actuators, and Wherein the actuator

variable stiffness plates form a sandwich structure.

11. The apparatus of claim 1,

system is con?gured to change a con?guration of the

Wherein a desired degree of ?exibility of a variable stiff

?exible structure, the actuator system connected to a

ness plate of the variable stiffness plates is achieved by
varying a thickness of the variable stiffness plate.
12. The apparatus of claim 1, Wherein the number of actua

controller, Wherein the controller is con?gured to
change a position of the number of actuators Within the

tors are situated to move a portion of the ?exible structure 10

from a ?rst position to a second position.

rial attributes required to achieve the number of shapes

13. The apparatus of claim 1, Wherein the apparatus is

includes at least one of a thickness, a type of material, and a

selected from at least one of an engine, a Wind tunnel, and an

type of ?ller added to the type of material.
18. The method of claim 16 further comprising:

external control surface.
14. The apparatus of claim 1, Wherein a desired degree of
?exibility of a variable stiffness plate of the variable stiffness
plates is achieved-by varying a type of material used to manu

facture the variable stiffness plate.
15. The apparatus of claim 1, Wherein a desired degree of
?exibility of a variable stiffness plate of the variable stiffness
plates is achieved-by varying a type of ?ller used to manu
facture the variable stiffness plate.
16. A method comprising:
determining a number of shapes required for a ?exible
structure;
determining a number of material attributes required to
achieve the number of shapes; and
locally tailoring a number of materials according to the
number of material attributes to form variable stiffness

actuator system.
17. The method of claim 16, Wherein the number of mate

identifying, by the controller, a Wall con?guration for the
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?exible structure; and
sending, by the controller, a command to the actuator sys
tem, Wherein the command includes instructions for
applying force to achieve the Wall con?guration identi
?ed.
19. The method of claim 18, Wherein the actuator system
receives the command and applies force to the ?exible struc
ture according to the command.
20. The method of claim 19, Wherein the number of mate
rials are tailored according to the number of material
attributes so that desired shapes can be achieved using a
reduced number of actuators.
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