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VARIABLE STORE FLUTTER SUPPRESSION
(ASSERT 95)
Grant Number F49620-95-1-0426

Final Report September 11, 1997
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This document reports on the progress made on F49620-95-1-0426 for the period from
June 4, 1995 to June 14, 1998. The following reports our progress for the duration of this
ASSERT award.

Program Objectives:

The objectives for this three year program where a) to design and develop mechanics
models for a novel “large stroke” piezoceramic actuator, b) examine the usefulness of this
actuator for solving the store induced flutter problem. In particular our goal has been to
formulate predictive models that would be useful in the design and commercialization of
such actuators.

Status of Effort:

The three years effort has lead the supported student to near completion of his Ph.D.
dissertation (Clayton Carter, expected October, 1998) and successfully developed a
predictive mechanics model of a linear piezoceramic actuator which is force scalable to
meet the needs of a smart rack for store induced flutter suppression.

Accomplishments:

Using the parameters of a wing/store model of an F-16 aircraft carrying a GBU-8 bomb
near the mid-span under each wing have been used to determine the angular deflection
required by this actuator in order to effect the closed loop control of the wing store
system. This translates to the requirement of an actuator with stroke length of about 0.25
mm. Unfortunately the forces required are not so evident. However the actuator design
used here is scalable in force by simply adding additional plates (see appendix). This
effort has produced a prototype actuator, complete with analytical design and model,
based on mechanics principles that accomplishes the stated objectives.

The basic and “novel” idea here is to use the bending direction of a piezoceramic wafer to
provide a actuator which can be designed with variable force and deflection
characteristics. Such an actuator is illustrated in the appendix and formed the basis of the
effort of this research program. The appendix consists of the dissertation proposal of Mr.
Carter, the main student supported under this award. This appendix explains the details
of the actuator design, results of the mechanics models, force versus voltage curves,
deflection curves and predictions.

The accomplishments by year can be summarized as follows. The first year a crude
actuator was constructed, modeled with finite elements and tested. From this we learned
much about the design and mechanics. In particular our mechanics model predicted that
the effective blocking force would be increased if the actuator where to be designed with
pinned boundary conditions for the wafer. Thus the second year consisted of deriving
new models and building a new actuator and test stand (both successfully completed per
last years annual report). The third year has involved the application of what is known as
“thunder” technology to our actuator configuration.




A search of literature in piezoceramic devices was performed an it was clear from the
literature that the use of so called thunder technology, invented at NASA Langley
Research Center, had the potential for increasing the force output of our wafer design by
a factor of two. The thunder technology is a manufacturing process which puts the
piezoceramic component into a pre-stressed arrangement. The pre-stress effectively adds
a spring force to the ceramic and substrate system so that when actuated, the ceramic
does not have to over come as much stain energy for electo-mechanical actuation. The
theory, construction and experimental verification of this theory applied combined with
our own wafer design formed the focus of the third year of our effort. The final result is
that we have produced an actuator, with a predictive mechanics model, that is
experimentally verified to produce the desired stroke length and force (0.24 mm at a
blocking force of 1.3 N). Further more, these wafer actuators can be scaled to a variety
of force and stroke lengths including those required for a smart rack approach to store
induce flutter and limit cycle control.

Personnel Supported:

This grant was used to support two graduated students Mr. Eric M. Austin and Mr.
Clayton Carter. Mr. Austin was supported for only a short period of time, with Mr.
Carter receiving most of the funds.

Publications:
The following publication resulted from work resulting from this effort and completed by
the PI and funded student during the period of this project:

Carter, C. and Inman, D. J., “Issues in Piezoceramic Wafer-Plate Actuators”, ASME
International Congress and Expo, November 20-25, 1998.

Carter, C. and Inman, D. J., “Effects of Boundary Conditions on Piezoceramic Wafer-
Plate Actuators”, ASME International Congress and Expo, November 20-25, 1998.

Austin, E. M. and Inman, D. J. “Modeling of Sandwich Structures”, Proceedings 5%
International Symposium on Smart Structures and Materials, March 1998, Passive
Damping and Isolation, Ed. L. P. Davis, Vol 3327.

The following publications resulted from work tangent to the proposed work and
completed by the PI and another student during the period of this project:

Gade, P. V. N,, and Inman, D. J., “Active control of store induced flutter in
incompressible flow,” AIAA Journal of Aircraft, Vol. 35, No. 3, 1998, pp. 454-461

Gade, P. V. N., and Inman D. J., “Two-dimensional active wing/store flutter suppression
using H-infinity theory,” AIAA Journal of Guidance, Control, and Dynamics, Vol. 20,
No. 5, 1997, pp. 949-955.

Gade, P. V. N., and Inman D. J., “Robust adaptive control of wing/store flutter using self-
tuning regulator,” AIAA Journal of Guidance, Control, and Dynamics, to appear.




Interactions and Transitions:

Presentations: Dr. Inman gave 31 public lectures on smart structures during the three
years of this grant on Smart Structures as part of the American Society of Mechanical
Engineers Distinguished Lecture Series. These lectures included a summary of the work
performed under the support of this award. In addition Prof. Inman gave four key note
addresses at major international conferences on smart structures related topics in
Australia, the United States, the United Kingdom and Italy.

Interactions In addition, Dr. Inman visited Eglin Air Force Base and spent the day with
Ben Shirley and Ed Anderson discussing store flutter as summarized in the following:

1) In bay vibration problems of trapeze or internal bay carriage (used to hold munitions)
in the F-117. This may be a natural for a smart structures solution. The problem seems
to be in the vibroacoustics range. There may also be difficulties with the B-1, B-2
rotatory internal launchers. The F-22 rack design is still being worked on (it might be
good to go after armament groups and manufactures to try and get involved in the
designs).

2) Rack/pylon/wing interaction. The problems displayed in the video still have not been
solved. Rather, the flight envelopes have been reduced so that these flutter and release
failures do not occur. Hence there need is still for an active mount system to improve the
speeds at which stores may be released.

3) Any store system would have to take 8 g’s and 800 knots

Transitions: Mr. Carter’s and Dr. Inman’s work on actuator characterization is being
looked has been looked at by UTRC for possible use in jet engine applications for
controlling fuel injection. If this works out, it will form a direct transition of Air Force
sponsored work to US industry. This actuator is also under study by Face, International,
a US based company that manufactures thunder actuators as well as concrete products.

Inventions and Discoveries
We developed a unique actuator which is still in the fabrication stages for possible use in
a rack for store induced flutter reduction.

Honors and Awards:

Prof. Inman was named the Director of Virginia Tech’s Center for Intelligent Material
Systems and Structures effective August 15, 1997. In addition he was named 1997-2000
ASME Distinguished Lecturer. In December of 1997, Dr. Inman was made a fellow of
the American Academy of Mechanics.

Appendix
The following attachment gives slides from the student’s dissertation proposal and
contains technical detail of his work.




Design, Analysis and
Characterization of a
Scalable Piezoceramic
Actuator
Clayton R. Carter / Daniel J. Inman
Center for Intelligent Material

Systems and Structures
Virginia Tech

waferplate

Piezoceramic Actuator Background

Soon after the development of Barium Titanate,
development of methods for mechanical
amplification of piezoelectric induced strains / forces
+ the piezoceramic stack emerged: thin plates stacked
mechanically in series, electrically connected in
parallel
+ advantages: amplified displacement with good force
output, high efficiency
+ disadvantages: no tensile or shear loads, sensitive to
boundary conditions

waferplate




Piezoceramic Actuator Background

Applications of piezoceramics in
actuators for structural positioning /
control began in ~1960:

«» first patented actuator: William J
Toulis, 1966. The actuator was the
first of the “flex-tensional” family

¢ advantages: overcame some of the
loading and boundary condition

problems
+ disadvantages: significant parasitic TR
losses / inefficiencies PZT stac

Shell - mechanical
amplification

watarpiate

Revolution of PZT Actuators

Significant development of actuators realized
after Toulis’ actuator

displacement lever

T oo C
e —> = 0

Morgan Matrox - unimorph

ANV

Application - buzzers,

positioning, force transducer
A PZT stack
Disadvantages: no
connection hardware, you PI Polytech - “Macroblock

build all electronics, actuator concept

connections, ect Application - micropositioning

walerplate




Inertial Type Induced Strain Actuators

+ PCB - Inertial Actuator (model 712 series)
+ P1 Polytech - disk translator (model P-288)

- PCB Inertial Actuator - applies forces to a

I structure by reacting them against an
0.5"to 1.0* “external” mass
l PI Polytech Disk Translator - same concept,

boundary conditions are more rigid

10 - 25.% Advantages

large stroke, good reaction forces, nice
D dynamic force-frequency response functions

' Disadvantages

not scalable, output force is low compared to
dedicated force transducers, bulky, space
inefficient, boundary conditions induce
parasitic energy losses

piezoceramic disk casing

walerplate

Flextensional Actuators

Dynamic Structures and Materials LLC.
+ Amplified Piezoelectric Actuators (model APA-100)

Applications: positioning, force
transducer, vibration control

waferplate




New Actuator Concept

What is needed?
¢ A scalable actuator (both force and stroke)

+ An actuator with performance independent of the
direction of the loading placed on the structure
(tensile / compressive)

stress state in the PZT does not exceed tensile limits

+ An actuator that does not require pretension, ect in
order to operate

+ “off the shelf” components - inexpensive to
manufacture, assemble

+ reasonably compact, high energy density

» efficient (as possible)

waferplate

Induced Strain Bending Type Actuator

Concept of piezoceramic induced strain bending
meets most of the basic requirements

Geometry - beam, rectangular plate, circular plate, others?

PZT disk (usually PZT-5H
or PZT-5A)

Voltage differential
applied across the

piezoceramic disk Substrate (usually metallic)

. Boundary may be fixed,
Output shaft motion \ simply supported, spring
I loaded, or a roller support
ll:;e?ceramic induced (the actual condition has
ending moment \\\&( D S\ significant -first order-
A & effects on the performance)

walemplate




First Order Modeling

Treat the plates as “thin” plates within classical
plate theory - well developed area (not new work)

+ follow the “Enhanced Pin Force” modeling method
- include the bending stiffness of the PZT

D=1 20, [zi - zi_l]
+ Leads to:
D= B3t} +4EE;dt, + 6E E 32 + 4E E t, + Et}

12[1 - v2] (Ep tp + Es ;)
+ Model the piezoelectric induced bending moment:

%HS-VJ

+ Classical plate solutions

M=E,d;, V

waferplate

Original Actuator Configuration

Disadvantages:

1- difficult to manufacture and
assemble, requires tight manufacturing
B tolerances

Substrote 2- boundary conditions are difficult to
Plezoceranic maintain and induced parasitic losses
(ss, fixed, guided, ect)

3- bulky, heavy and poor use of space

Advantages

1- scalable (force - # of plates, stroke -
geometry of plates)

2- performance is independent of the
loading on the actuator (tensile /
compressive)

wafarplate




Experimental Apparatus

Experimental validation of the actuator is
performed in a carefully controlled test-bed

—~— gy

Original actuator

Optical probe -
displacement
measurements

Accelerometer /
force transducer

walerplate

Initial Measured Results - Old Design

Stainless Steel substrate displacement plot

15 mil Stainfess Stect - 12 mil PZT SH
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Initial Measured Results - Old Design

Brass substrate displacement plot

15 il Brays - 12 mil PZT SH
Plate; 1.70" OD, 03128" 1D PZT: 130" OD, 0.375" 1D
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Initial Measured Results - Old Design

Stainless Steel substrate displacement plot

8 mil Stainless Sicel - 12 mil PZT SH
Plate: 1.70" ON. 03125 ID  PZT: 1.50" ON, 0.375" 1D
- - - v S . T

pinned O houndary, free 1D houndary \

\

\ pinncd OD boundacy. free 1Y boundary |

150 200 250 300
Applicd Yoltage
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Initial Measured Results - Old Design

Brass substrate displacement plot

8 mil Brass - 12 mil PZT 5H
Plate: 1.70" OD, 0.3125" 1D PZT: 1.50" OD, 0.375" ID
200 . .

‘ pinned OD houndary, free ID boundary

mci» \

\ -
* pinned OD boundary, free ID boundary

150 200 250 300
Applied Voltage
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Initial Measured Results - Old Design

Acceleration (force) Frequency Response Plot
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Adhesive Layer Significance

adhesive thickness issues - extremely variable
thickness over a single part

« results in inconsistent measured results between
otherwise identical parts (+ 20%)

Measurements of the adhesive layer thickness at
the identified locations varied from 1 mil to 3.5
mil on a single wafer-plate

/|

The non-uniformity of the adhesive layer has

TS caused the measured displacement and force
output results to be inconsistent between parts
and to vary from predictions

walerplate

Electrical Lead Wire Issues

Attachment and placement of leads influences
the wafer-plate performance

Lead wire attachment point - original actuator

Problem - attachment method created a stress
concentration in the piezoceramic, resulted in
premature failure when driven at high frequencies;

Problem - electrical arcing occurs between the
piezoceramic and the metal connection bolt that runs
down through the center when the drive voltage
approaches 300 volts (10 kV/in field for this plate)

Power issues: the original actuator is not “self-contained” in that all amplified
voltage signals must be provided from an external source. This is a significant
hinderence for all actuators.

walerplate




New Wafer-Plate Design

PZT and substrate thickness selected / matched impedance
or otherwise optimized for some particular desired output

2” 0D, 0.375” ID

Kapton layer (prevent
electrical arcing
problem)

Thin-film electrically
conductive adhesive
(1 mil, uniform
thickness)

Copper lead layer
(eliminate all stress
concentrations)

PZT-5H

Stainless steel substrate

waferpiate

F inal COnf igur ation - (new development)

2 Connection bolt

—H'/ Top plate (bolt on)
% I Set screw to adjust
i boundary
4+ Contact ring

— PZT wafer plates

= 7\Wirc - boundary support

Pﬁ / /z/—f Securing screws

Actuator Cross-Section Solid, one-piece housing

I0NY

[nonoinnn

INNND
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Configuration Advantages

Very compact and scalable - (new development)

+ allows for a large number of plates to be used in
the actuator (able to meet high force demands)

+ required stroke is attained through varying the
diameter, substrate thickness, pzt thickness

the induced boundary conditions on the wafer-
plates are as compliant as possible - (new development)

+ minimizes the parasitic strain energy losses into
deforming the structure as bending occurs

allows for different plate configurations to be
used simultaneously - (new development)

» attain desired actuator dynamics (discuss this later)

walerplate

Higher Order Modeling - FEA

While low order models (Enhanced Pin-Force, ect)

provide reasonable quasi-static results, they are

not adequate for detailed levels of design and

dynamics

+ many researchers have performed studies showing
Finite Element analysis may be applied directly to
piezoceramic induced strain actuation problems
(notables: Anderson, 1991; Liang, 1997)

+ treat the piezoelectric strain as an eigen-strain
(analogous to thermal strains)

+ this is not a new modeling method

¢ can be used with Genetic Algorithms to optimize the
actuator configuration (new development)




Higher Order Modeling

While FE type modeling is ideal for optimizing
and verifying the state of the actuator, it is
intensive and is not well suited to initial stages of
design iterations

Need an intermediate model - Assumed Modes

approach: m
wwp[r, t] = iglw oT) ki(t]

Leads to: [M} e + [K} [ = {f} V(g

walerplate

Predicted Wafer Plate Performance

Free Deflection Surface Plot
PZT 5H wafers @ 15 kV/in
AISI 302 Stainless Steel substrates

on tmils )

free dellection
free deBlevtis

s
fstrate ek
sl
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Predicted Wafer Plate Performance

Blocked Force Surface Plot
PZT 5H wafers @ 15 kV/in

AISI 302 Stainless Steel substrates

blocked force i1
.

1 g,
1l e, o Aie
TS gy, BV etet® w

Predicted Wafer Plate Performance

Normalized Blocked Force and Free Deflection Plot
PZT-5H wafers @ 15 kV/in
AISI 302 Stainless Steel substrates

snormalized blcked Vs normalized free
/’ force surface / defection surface

o

Wk
LR e aw
ant

Note: substrate material available in 7, 8, 10 and 12 mil thickness
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Commercial FEA Comparison

waterplate

Commercial FEA generated deformation plots -
axisymmetric parabolic solid elements

+ 2 wafer plates: 7 mil stainless steel substrate,
16 mil PZT-5H driven at 15 kV/in

1
i\

et ; s b
R L L L B L L e b L L S i 1 ]

Predictions show that the force output of two
plates is twice that of a single plate; the natural
frequency and free deflection remain the same

Actuator Analysis

waferplate

Finite element analysis shows that when the actuator is
composed of plates of different configurations
(pzt/substrate stiffness or thickness varies from plate to
plate), each plate bends in a mode different from its
natural “solo” bending mode

Plate #1: 10 mil stainless steel, 16 mil pzt Plate #2: 7 mil stainless steel, 8 mil pzt

Can this effect be modeled with an Assumed Modes approach?




Design / Investigation Issues

Can various wafer-plate configurations be
implemented into an actuator to achieve “better” or
desired actuator dynamic responses? Each wafer-
plate configuration has an unique dynamic
response:

+ What happens to the actuator dynamics when it is
composed of different wafer-plate configurations?

+ Can this be predicted with an assumed modes
model?

+ Measure this experimentally

walerplate

Design / Investigation Issues

Assembled Actuator General form of each
plate’s Force FRF

{

composed of “n” different wafer-plates

i
N
[T
{

Actuator’s Force FRF: can the
%?H actuator’s resonance peak be

expanded suitable for operation
within some bandwidth?

What is the effect of multiple plate
configurations on the dynamics?

walerplate
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Design / Investigation Issues

Manufacturing Issues: can the wafer-plate
manufacturing method be used to enhance

performance?

Consider the piezoceramic actuation mode:

ot + poing] *
R\ﬂ:‘ul axie
4 1

vt I v |

Veltage Limit: - -4 to -5
KVrin tield

+ .
v

Voltage Limit: ~ 15 to

20 kV/in tield

Drive voltages: often O to V. volts

=

If no preload, an applied
voltage results in a tensile
stress in the piezoceramic
(not good!)

Can a compressive
residual stress be induced
into the PZT during
manufacture?

walerplate

Design / Investigation Issues

Consider the

| substrate:
manufacturing method . | piezoceramic ]
shown: .
How does this effect | E Heat parts to ~ 300" F: thermal expansion
actuator perforrnance? [ . Substrate CTE =~ #5 X PZLCTE -
' ]
Results in: B
- doming of the PZT L
afcr late L bond parts and cool
wafer plate . T
- stored strain energy is L
released through PZT '
activation! > i o
. . . [ tensile residual radial stress -~ = - - |
- Coupllng coefficient is | : [ compressive residual radial stress |
higher than the PZT !
alone.
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What has been done?

Low order modeling and testing of an actuator
+ First order models - predicted response data
+ Built an actuator and measured response data - too many
inconsistencies and too much variability
+ Found the significant problems that must be addressed in
order to make the actuator successful
Adhesive layer:
thickness - must be uniform over a single part
repeatable - must be uniform over many parts
Electrical leads:
must eliminate the stress concentration
need to provide good contact to large surface area
must eliminate the arcing problem

Proper selection of the substrate material, thickness, pzt
thickness - can’t be accomplished with low order models
walerplate

Critical Design Issues

Single wafer-plate -versus- scalable actuator
+ single plate: design to maximize work output and
efficiency (maximize the electro-mechanical coupling)
+ actuator: usually has a stroke and force requirement

often the actuator composed of optimized single plates will not
meet the stroke requirements

design the plates to meet the stroke requirements then add the
number of plates to meet the force requirement

Based on these issues, what is the acceptable design
method:

< want a plug in type criteria:
input required force, stroke, and size limitations
get out an actuator specification that maximizes the work output
while meeting the requirements

walerplate
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Work in Progress

Develop an acceptable model method to maximize the
actuator work output while meeting the constraints

+ possible approaches

genetic algorithm wrapped around a finite element model
approach is novel but given the shape of the solution
space, is it the best approach?
Finite element model is the only model that will
capture all of the pertenant mechanics

Assumed modes model **
does not capture all of the mechanics, but is
sufficient with bounds - determine these
will work for actuators composed of a common wafer-
plate configuration
may not work for actuators composed of different
plate configurations - finite elements may be required

walerplate

Work in Progress

Impedance matching criterion

really a sound approach - good initial estimate but
not the best approach

Investigate the feasibility of accurately modeling
the actuator composed of multiple configuration
plates using the Assumed Modes modeling
method

+ the method can be applied, but is it accurate?




Work in Progress

walerplate

Experimental work

Build an actuator that overcomes the problems

discovered in the first version
measure the effects of OD boundary conditions on the
actuator performance - compare to predictions
measure the effects of the adhesive layer thickness on
the actuator performance - compare to predictions
measure the effects of the substrate stiffness on the
actuator performance - compare to predictions
measure the scalability of the actuator: the effects of
multiple common configuration plates on the
performance - compare to predictions
measure the effects of multiple configuration plates
on the actuator performance - compare to predictions

waferplate

Work in Progress

Experimental work (continued)
Investigate the manufacturing issues

can a beneficial compressive residual stress be
introduced into the PZT during the
manufacturing process?




