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quasi-orthotropic blade structures such as uncoupled
composite or aluminum blades. Since nearly all compos~

METHOD AND APPARATUS FOR STRUCTURAL,
ACTUATION AND SENSING IN A DESIRED

ite rotor blades in use today have such characteristics, a

DIRECTION

method of torsional forcing must be developed. Many

This application is a Continuation-In-Part of applica
tion Ser. No. O7/790,074,?led on Nov. 12, l991,now
abandoned, which is a continuation of Ser. No.
07/485,599, ?led on Feb. 27, 1990, now abandoned.

electric actuators, in production today are incapable of
imparting this torsional forcing due to their quasi-iso
tropic nature. Therefore, these systems do not allow the

types of intelligent actuation devices, including piezo

BACKGRQUND OF THE INVENTION
1. Field of the Invention
The present invention is directed to the directional

coupling of actuators/sensors to rotor blades in such a
10 way that the behavior of the actuators/sensors is aniso

attachment of an actuator/sensor to a substrate. More

specifically, the present invention is directed to the
directional attachment of an actuator/sensor to a sub

strate such that it is possible to actuate/sense strains in
the substrate in a desired direction, regardless of the

passive stiffness properties of the substrate, actuator
element, or sensor element.

2. Discussion of Background
Currently, a structure can only be actuated by a pi

ezoelectn'c, magnetostrictive, thermally actuated lam
ina (including bi-metallic) or shape memory alloy
(SMA) elements isotropically, which means that a twist
or torsional deflection can be produced in the structure
if and only if it is fully attached and extension-twist or

tropic.
Through classical laminated plate theory, the princi
ples of directional attachment can be examined. Assum
ing the actuator/sensor is isotropic or quasiisotropic, as
most suitable actuator/sensor materials are, it is not
possible to directly actuate or sense strains that arise
from torsional deformations. For an isotropic material,

the longitudinal modulus, EL, the transverse modulus,
ET, and the Poisson’s ratios, uLT, 077,, are equal. Utiliz

ing the mathematical analysis given in “Mechanics of
Composite Materials”, Jones, R. M., published by

Hemisphere Publishing Company, New York, N.Y.,
1975, the reduced stiffnesses (in tensor notation) as
given by equation 2.61 in Jones, 1975, are as follows:

bending~twist coupled. The same holds true for sensing;
currently, a structure must be fully attached and exten

sion-twist coupled or bending-twist coupled to piezo
electric, magnetostrictive, thermally actuated lamina
(including bi-metallic) or shape memory alloy (SMA)
sensors aligned to sense the twist through the amount of
extension or bending. FIG. 7 shows two fully attached
actuator/sensor elements 10 attached to a substrate 30

in a bending-twist coupled arrangement. FIG. 8 shows
two fully attached actuator/sensor elements 10 attached
to a substrate 30 in an extension twist coupled arrange

ment. Thus, these arrangements do not allow twist or
torsional de?ections in a substrate to be actuated or

sensed regardless of the passive structural properties of

E*1111=reduced stiffness in longitudinal direction

(GPA, MSI)
E*2222=reduced stiffness in transverse direction

(GPA, MSI)
E*1122=reduced coupling stiffness (GPA, MSI)
E*1212=shear modulus (GPA, MSI)
For isotropic actuator/sensor elements, from equa
tions 1, E*1111=E*2222. If the actuator/sensor element
is rotated to a particular angle with respect to the lami
nate or substrate, the rotated reduced stiffnesses are

the substrate.
given by equations 2.80, Jones 1975, as follows:
Coupling actuator/sensor elements to structures has
E1111=E"1111CO$49+2(E'1122+2E‘1z12)
been shown to be particularly useful in controlling and 45
Sin26Cos20+E’12;2 sin40

reducing vibration in several types of aeronautical and
aerospace structures. Applications include vibration
suppression in space trusses, dynamic control of camber
and twist for gust alleviation and flutter suppression on
?xed wing surfaces. Vibration suppression in rotorcraft
could also be enhanced through the use of intelligent
actuators because current methods of vibration reduc
tion in rotorcraft or helicopters do not address some of

the vibration inducing phenomena that occur in actual

helicopters including differences in individual blade
tracking and magnitude and locations of dynamic stall.
Because the unsteady bending moments in a rotor blade
are several orders of magnitude greater than present

intelligent actuators can impart, direct manipulation of
the rotor blade and bending is currently not feasible. 60

However, through blade twist manipulation many types
of vibration reduction methods can be employed includ

ing suppression of blade vibrational modes, in ?ight
tracking and dynamic stall reduction through small

E2212=(E*1i11—-E"112z-2E'1212) $in39C0S
9+(E'1122~E*2222ZE*1212) Sin M30539

(2)

From equations 2, for an isotropic actuator/sensor
element, it is seen that the rotated reduced stiffnesses are
the same as the non-rotated stiffnesses and E*111

2=E*2212=0. Accordingly, the rotation angle has no
effect on an actuator/sensor material that is completely

amplitude pitch oscillation, as well as higher harmonic 65 integrated into or attached to a substrate. The strain
energy in a beam demonstrates the relationship between
control (HHC) and individual blade control (IBC).
Implementation of dynamic blade twist requires the
the passive structure or substrate (laminate, 1am.) and
introduction of torsional forcing to orthotropic or
the actuator/sensor (a/s) as follows:
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N=number of plys, k=individual ply, z=distance
through the thickness, as given in Jones, 1975.
For piezoelectric crystals, the strain actuation matrix
is composed of actuation voltages, EX, and charge coef

O

0

0

40

V1 =potential across crystal in longitudinal direction
V2 =potential across crystal in transverse direction
V3 =potential across crystal in thickness direction

?cients, dxx, and according to equation 29 from a paper

titled “Development of Piezoelectric Technology for
Applications in Control of Intelligent Structures” by

0

45

g31=transverse voltage coef?cient
g3; = direct voltage coef?cient

g15 = shear coupling voltage

Crawley, E. F. et al. presented at the American Control
Conference, June 1988, are related to the actuation

For practical purposes, the only voltages that can be
actuated or sensed are through the thickness of the

strain matrix by,

actuator/sensor element (E3d31, V3g31) because of the
lead attachment area, equations 6 and 7 follow:

[591 6%: E‘iz K11 K22 Klzla =

(4)
0

[5152153]

0

0

O

1115 0

0
0
0
1115 0
1131 1131 4'33 0
O

0
0

[9116022912 K11 K22 Kl2is=[E3d3lE3d3l 0 0 0 0]

(6)

[50116026012 K11 K22 K12ls=[V3g31V3g310 0 0 O]

(7)

55

From equations 1 through 7, the only types of actua
tion/sensing that current (isotropic) types of fully at
tached actuator/sensor elements can actuate/sense are

E1=charge across crystal in longitudinal direction

(V)

longitudinal extension, 6011, lateral extension, 6022 longi
60 tudinal bending, K11, and lateral bending K22. For the

E2=charge across crystal in transverse direction (V)
E3=charge across crystal in thickness direction (V)

d31=transverse charge coef?cient (p. strain/(V/mm))
d33=direct charge coef?cient (u strain/(V/mm))
d15=shear coupling charge (;.I. strain/(V/mnn)
Similarly, for a piezoelectric sensor, the strain sensing

matrix is composed of sensing voltages, Vx, and voltage
coefficients, gxx.

fully attached, isotropic actuator/sensor, e011 cannot be
distinguished from £022, and K11 cannot be distinguished
from The shear strain, 6012 and the twist, K12, cannot be
actuated or sensed at all.
65

SUMMARY OF THE INVENTION

Accordingly, one object of the present invention is to
provide a novel system of directionally attaching of an

5
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actuator/sensor to a structure in which it is possible to

6

sense a strain in the structure or actuate'the structure in

FIG. 15b shows an internal structure of a torque plate
wing according to a further embodiment of the present

a desired direction, regardless of the passive stiffness

invention;
FIG. 16 shows the torque plate wing of FIG. 15 with

properties of the structure, actuator element, or sensor
element.
Another object of the present invention is to attach an
actuator/sensor to a structure such that torsional and

a voltage applied imparted thereto;
FIG. 17 shows a further torque plate wing structure
according to the present invention;
FIG. 18 shows a structure employing the torque plate

bending de?ections can be actuated/sensed.
Yet a further object of the present invention is to

wing according to the present invention;
FIG. 19 shows a further structure employing the

attach an actuator/sensor to a structure such that the

torque plate wing according to the present invention;

actuator/sensor behaves in an anisotropic way.
These and other objects are achieved according to
the present invention by providing a new and improved

FIG. 20 shows a further structure employing the

torque plate wing according to the present invention;

apparatus, system and method for actuating or sensing

FIG. 21 shows a system of bonding directionally

strains in a substrate, including at least one actuator/
sensor element having transverse and longitudinal axes,
wherein the actuator/sensor element is attached to the

attached elements to a wing;
FIGS. 22a-22d show an embodiment of a projectile

substrate in such a manner that the stiffness of the ac
tuator/sensor element differs in the transverse and lon

gitudinal axes of the actuator/sensor element.

BRIEF DESCRIPTION OF THE DRAWINGS
A more complete appreciation of the invention and
many of the attendant advantages thereof will be
readily obtained as the same becomes better understood

by reference to the following detailed description when
considered in connection with the accompanying draw

ings, wherein:

which has a torque plate wing employed therein;
FIG. 23 shows a further embodiment of a projectile

which has a torque plate wing employed therein;
20

FIGS. 24a and 2412 show a further embodiment of a

projectile which has a torque plate wing employed

therein;
FIG. 25 shows a helicopter which may have direc

tionally attached elements applied thereto;
FIG. 26 shows a fan which may have directionally

attached elements applied thereto; and
FIG. 27 shows the details of a fan blade structure

having directionally attached elements applied thereto.

FIG. 1a and 1b represents ?rst and second embodi
ment of a directionally attached actuator/sensor and

FIG. 28 shows characteristics of piezoelectric ele
ments and electrorestrictive elements;
FIG. 29 shows the performance of a typical mag

substrate;

netoresistive element during actuation in one-direction;

-

FIG. 2(a-h) represents alternative techniques of a

directionally attached actuator/sensor;
FIG. 21 illustrates three symbols used in FIGS.
2A-2H respectively representing, from left to right,
?exible attachment, rigid attachment and shear attach

and

I

FIG. 30 shows typical characteristics of SMA actua
tors.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS
FIG. 3 represents a third embodiment of a direction
Referring now to the drawings wherein like refer
ally attached actuator/sensor;
40 ence numerals designate identical or corresponding
FIG. 4 represents a side view of the embodiment of
parts throughout the several views and more particu
FIG. 3;
larly to FIG. 1(a) thereof, in which a ?rst embodiment
FIG. 5 represents an end view of the embodiment of
of a directionally attached piezoelectric actuator/sensor
FIG. 3.
of the present invention is shown.
FIG. 6 represents an aeronautical element utilizing 45
The present invention can operate utilizing piezoelec
ment.

particular actuator/sensors of piezoelectric crystals
which are directionally attached;
FIG. 7 represents a bending-twist coupled actuator/

tric, magnetostrictive, shape memory alloy (SMA) and
thermally actuated lamina (including bimetallic) ac
tuator/sensor elements, and in a preferred embodiment
utilizes piezoelectric actuator/sensor elements.

sensor element and substrate; and
FIG. 8 represents an extension-twist coupled ac 50
The present invention can operate in a preferred
tuator/sensor element and substrate.
embodiment utilizing conventional stamped and ex
FIG. 9 represents a feedback control system for use
truded piezoelectric elements. Conventional stamped
with a directionally attached actuator/sensor system.
piezoelectric elements, however, have been found to be
FIG. 10 shows a torque plate wing formed with ac
about 1.5 times more effective than extruded piezoelec~
tive elements;
55 tric elements. Furthermore, the present invention is

FIG. 11a shows
with a voltage of a
FIG. 11b shows
with a voltage of a

the torque plate wing of FIG. 10
?rst polarity applied thereto;
the torque plate wing of FIG. 10
second polarity applied thereto;

FIG. 12 shows a ?rst aircraft which has a torque plate

wing employed therein;
FIG. 13 shows a second aircraft which has a torque

plate wing employed therein;
FIG. 14 shows a torpedo type craft which has a

torque plate fin employed therein;
FIG. 150 show an internal structure of a torque plate

' operable on any substrates which actuator/sensor ele

ments are conventionally coupled to such as aluminum,

graphite/epoxy composites, etc. Furthermore, conven
tional circuitry can be used to generate and apply to the
actuator element actuation signals, or to sense signals

produced by the element in the detection of strains
occurring in a substrate.
The present invention utilizes a system of directional
attachment of an actuator or sensor element onto a

65 substrate such that strains can be sensed or generated in

wing according to one embodiment of the present in

a desired direction, independent of the passive stiffness
and geometric properties of the substrate, actuator or

vention;

sensor material. In this way, an isotropic actuator/sen

7
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sor element is attached to a substrate in such a way that

8

transverse axis edges. This can be accomplished, for

its behavior is anisotropic. To achieve these results the

example, by placing the actuator/sensor element be

present invention utilizes a partial attachment system as
shown in FIG. 1(a), in which a portion of the actuator/
sensor is made inactive in one strain (i.e., the transverse

tween two rigid members which extend above the sur
face of the substrate, or in any other conventional man

strain) and is made active in the other strain (i.e., the
longitudinal strain). As shown in FIG. 1, an actuator/

ner.

the central 1/5 to f, of the actuator/sensor element. In a
preferred embodiment, the area of attachment will oc

The embodiments shown in FIGS. 1 and 2 operate
such that when the actuator/sensor element becomes
active, stress is rapidly distributed to the free edges in
the longitudinal strain. In this way, the embodiments of
FIGS. 1 and 2 operate such that the unattached sides of
the actuator/sensor element contribute to the longitudi
nal stiffness of the element and therefore make the ac

cupy approximately the central % (third) of the width of

tuator/sensor element impart more longitudinal than

sensor 10 is attached to a substrate 30 only in the area
de?ned as the area of attachment 20. This area of attach
ment can take on an area in the range of approximately

the actuator/sensor and substrate and run the entire

transverse stiffness to the substrate. In this way, the end
15
length of the actuator/sensor.
effect is that the stiffness of the actuator/sensor as seen
FIG. 1(b) represents an inverse ellipse partial attach
from the substrate is greater in the longitudinal direc
ment pattern which the area of attachment between the
actuator/sensor and substrate can take on to achieve the

tion than it is in the transverse direction.
FIGS. 3-5 show a second system of attaching an

same results as that of FIG. 1(a).
actuator/sensor to a substrate in such a way that the
The actuator/sensor elements can be attached to the 20 same results as described with reference to FIGS. 1 and
substrate using conventional surface bonding tech
2 are achieved. The system of FIGS. 3-5 achieves these

niques utilizing a bonding agent such as M-Bond
200 TM manufactured by The Loctite Co. (through

M-Line Products) or a conventional epoxy. Another
way to attach the actuator/sensor elements is by embed

ding the actuator/sensor elements into the substrate.

FIGS. 2(a-h) detail other possible partial attachment
systems. FIG. 2(a) shows the inverse elipse pattern
described in FIG. 1(b) above and FIG. 2(b) shows the
central third attachment pattern described in FIG. 1(a)
above. As shown in FIG. 2(0) the bonding agent may
also be only applied to the piezoelectric element at its
' edge portions in its traverse axes. As shown in FIG. 2(d)

results by increasing the aspect ratio and bond line
thickness of the actuator/sensor element to the point
where the ?nite amount of shear lag present in the bond
line signi?cantly reduces the transverse stiffness of the
element. The aspect ratio is de?ned as La/S/Wa/S, and
the bond line thickness is shown as Byin FIGS. 3-5. The
aspect ratio should take on values greater than 10:1 and
30 the bond line thickness should be approximately the
same as the actuator/sensor element thickness. The

greater the aspect ratio the more improved the perfor
mance and the aspect ratio should ideally be in?nite.
Also, the bond line thickness will need to be optimized

the actuator/sensor element need only be rigidly at 35 in each individual application but generally will be

tached at its transverse axes edges. As shown in FIG.‘
approximately the same thickness as the actuator/sen
2(e-h), the actuator/sensor element can be embedded in
sor element. FIGS. 3-5 detail exaggerated de?ections of
the substrate utilizing any of the above cited patterns so
the bonding material to illustrate the ?nite shear lag in
long as the edges in the transverse axes are rigidly at
longitudinal
and transverse directions. The effective
tached and the edges in the longitudinal axes are ?exibly 40
length
of
the
actuator/sensor Le re?ects the effective
attached.
length
of
the
actuator that actually produces strain in
The ?exible attachment areas and rigid attachment
the substrate or the length of the sensor that actually has
areas can be effectuated by the manner in which the

strain produced in it by the substrate. In the system of
actuator/sensor element is either placed on the surface
of the substrate on embedded into the substrate. That is, 45 FIGS. 3-5 the ratio of the effective length of the ac
tuator/sensor Le divided by the actual length La/s
with reference to FIGS. 2(e-h), the actuator/sensor
should be approximately equal to one. Furthermore, in
elements will be embedded into a slot in the substrate.
this preferred embodiment Le/La should be a factor of
The size of the slot in the substrate can be manipulated
2 or more greater than the width effectiveness ratio,
to provide the ?exible and rigid attachment areas. That
is, if the size of the slot in the substrate is chosen such 50 We/W a. By tailoring the thickness of the bond line and
attachment area, the transverse shear lag can produce
that the actuator/sensor element ?ts snugly in the slot in
the bene?cial effect of further reducing the effective
the longitudinal direction and loosely in the slot in the
width of the actuator/sensor while maintaining a high
transverse directions, then the rigid (snug) and ?exible
effective length.
(loose) attachments as shown in FIGS. 2(e-h) will be
One further approach to achieving the results of the
effectuated. The slot in which the actuator/sensor ele 55
directional attachment of the present invention is to
ment is embedded then must be slightly larger than the
utilize a system which combines the partial attachment
actuator/sensor element in the transverse direction,
technique of FIGS. 1 and 2 with the transverse shear lag
allowing enough extra space for the actuator/sensor
techniques of FIGS. 3-5.
element to expand and just large enough in the longitu
Since directional attachment effectively reduces the
dinal direction to allow the actuator/sensor element to 60
?t into the slot. Thus, by the actuator/sensor element
stiffnesses of the actuator/sensor, ETa/¢E1,a/S. From

?tting snugly in the substrate in the longitudinal direc

equations 1 the reduced stillnesses, E*1111,,/#E*2222a/S

tion and loosely in the substrate in the transverse direc
tion, a rigid attachment in the longitudinal direction and

and from equations 2, the rotated reduced stiffnesses are
not equal to the non-rotated values with Emma/5L0,

a ?exible attachment in the transverse direction will be 65 Bung/#0. The resulting actuation/sensing stiffness
effectuated. As to FIG. 2(d), the manner in which the
matrix is fully populated. With the implementation of
actuator/sensor element is placed on the surface of the
directional attachment, equation 3 takes the form of
substrate can also effectuate a rigid attachment at its
equation 8.

