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ABSTRACT

The invention described and claimed is method of fabricat

ing a planar pre-stressed bimorph actuator. The bimorph
actuator is a symmetric load system composed of electrically
and mechanically similar transductive elements. The method
facilitates the bonding of planar metallic members about
likewise planar transductive members thereby forming a
planar multi-layer element. Fabricaton is performed at an
elevated temperature under a vacuum With a mechanical

load applied to the multi-layer element.
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METHOD OF FABRICATING A PLANAR
PRE-STRESSED BIMORPH ACTUATOR

loads. The result is diminished advantages in terms of

ef?cient poWer handling and compact implementation of the
sWitching section in the drive topology.
Conventional poWer circuits are designed to drive only

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of application
Ser. No. 09/819,508, ?led Feb. 28, 2001 US. Pat. No.
6,465,931 and claims the bene?t of US. Provisional Appli
cation No. 60/192,887 ?led on Mar. 29, 2000. The subject
matters of the prior applications are incorporated in their
entirety herein by reference thereto.

one side of a transductive system. When applied to a

bimorph system, the lossless nature of the transducers
requires nearly all of the input energy returned and either
transferred out the system as thermal energy or recovered

and redirected. If recovered, the energy is typically recycled
10

With additional input side energy to drive the other sym
metric load at the output side of the circuitry. The recovery

recycle methodology as applied to symmetrically coupled
systems by conventional circuits produces large peaks in the
poWer supply ripple current. Consequently, such systems are

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

inherently unstable.
15

None.

What is required is a bimorph actuator With driver circuit

capable of rapidly redirecting energy betWeen loads in the
actuator. The driver circuit With bimorph should substan

BACKGROUND OF THE INVENTION

1. Field of the Invention
The present invention generally relates to a driver circuit

tially reduce peak poWer loading Without increasing total
poWer demand, eliminate the large bypass capacitor required
20

With bimorph actuator. The invention speci?cally described
is a poWer circuit based on a balanced capacitive loading
method Wherein the load itself acts as an energy storage

element in the energy balance system. The invention is

applicable to ?ight and motion control elements.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a small,
25

A large class of active control devices incorporate small,
high-force transductive mechanisms to develop mechanical
30

ductive elements are Wired so that elongation occurs along
one element and contraction occurs along another. Trans 35

ductive mechanisms are inherently lossless, therefore energy
pumped into the device is returned except for a small portion
Various poWer circuits are knoWn Within the art to drive
40

most common. Such drivers are very inef?cient in that return

energy from the transductive mechanism is dissipated ther
mally and thereby no longer available to drive the mecha
nism. Some improved performance is obtained With class D
45

A more attractive solution to reverse energy How is a

regenerative driver circuit as disclosed in US. Pat. No.
6,001,345 issued to Murray et al. on Jan. 4, 2000. HoWever,
50

symmetric loads as seen on the output side of the circuit.

thereafter bonded to each transductive layer.
The present invention is lighter and smaller With
increased ef?ciency over the related arts. The present inven

tion signi?cantly reduces the high-voltage poWer supply
bypass capacitor representing the largest component in class

output bypass capacitor. The capacitor value is chosen
according to

direction only. The driver circuit causes the charge to
equilibrate Within the bimorph in reference to the neW
average control module charge. The load on the driver at any
given instant is the total output load, While load on the dc.
poWer supply is only the real poWer to the load used plus any
sWitching losses. A control module, one example being a
PWM, is employed as to institute poWer ?oW betWeen

Bimorph actuator is comprised of a plurality of planar
members. A middle planar layer is sandWiched betWeen tWo
mechanically and electrically similar transductive elements
thereby isolating one from the other. An outer layer is

hoW to store the transient return energy remains unresolved.

Murray et al. suffers tWo fundamental problems. First, the
invention requires a negative impedance inverter that is both
quite complex to achieve and never adequately demon
strated in practice. Secondly, the invention requires a large

element in the energy balance system. A half-bridge FET
topology controls charge-discharge betWeen tWo halves of a
bimorph actuator causing energy to be cycled from one side
of the bimorph to the other. Half-bridge averaging is exter
nally commanded via a control module Whereby an imbal
ance is caused producing current to How in one desired

expended producing mechanical Work.

implementations of the electronics, hoWever, the issue of

terminated bimorph actuator. The driver circuit incorporates
a neW balanced capacitive loading method using the pure
reactive portion of the load itself as an energy storage

to a ?exible metallic element functioning as a central
electrode. A bimorph functions as an actuator When trans

transductive mechanisms, While linear driver circuits are the

lightWeight bimorph actuator system With volumetrically
ef?cient and stable driver circuit.
To these ends, the present invention provides a regenera
tive class D poWer circuit attached to a symmetrically

2. Related Arts

force. A bimorph actuator is a speci?c type of transductive
mechanism composed of tWo transductive elements bonded

in the related arts, and eliminate poWer supply instabilities
inherent to regenerative and conventional electronics.

55

D and regenerative class D circuitry. The present invention
enables larger effective output ?lter values in a smaller

RLoadCFilter>>1/F

Where F is the ripple frequency. The ripple current is
impressed by the transients in and out during sWitching. This
leads to a minimal requirement of the output bypass

package thereby increasing robustness. The present inven
tion enables the compact, lightWeight implementation for
driving a high-voltage bimorph actuator. The present inven
60

capacitor, Where

is required to achieve a uu3db bypass. Consequently, the

poWer bypass capacitor quickly becomes the dominating
factor in terms of mass, volume, and performance at larger

65

tion effectively enables higher sWitching voltage into the
bimorph actuator thereby retaining the high ef?ciency of
regenerative circuits.
BRIEF DESCRIPTION OF THE DRAWINGS
The invention Will noW be described in more detail, by

Way of example only, With reference to the accompanying
draWings, in Which:

US 6,665,917 B2
3
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FIG. 1 describes charge transfer between transductive
elements in series.
FIG. 2 shoWs a circuit diagram for a half-bridge embodi
ment of the present invention.
FIG. 3 graphically describes the voltage Waveforms gen
erated When driving a bimorph actuator.
FIG. 4 graphically describes the energy ?oW Waveforms
generated When driving a bimorph actuator.
FIG. 5 graphically describes the sWitch states When driv
ing a bimorph actuator.

the ?rst load 2 to the second load 3. While the total voltage
(V) across ?rst load 2 and second 3 equals the poWer supply
11 voltage, more voltage resides Within the second load 3. In
FIG. 1c, the driver circuit 19 redirects poWer from the
second load 3 to the ?rst load 2. Again While the total voltage
(V) across ?rst load 2 and second load 3 is equal to the
poWer supply 11 voltage, more voltage noW resides Within
the ?rst load 2. In both charge ?oW descriptions, the driver
circuit 19 alters current ?oW Within a half-bridge topology
10

tWo sWitches. During charge transfer, the load from Which
charge is directed is functionally an energy storage element
facilitating the transfer process.

FIG. 6 describes a bimorph actuator.

FIG. 7 shoWs a preferred embodiment of the bimorph
embodiment.
15

REFERENCE NUMERALS

supply 11.
FIG. 2 describes the half-bridge embodiment of the
sWitchmode poWer control circuit 1. First load 2 and second
load 3 are connected in series at the center tap 4, node B 5,
and node D 7. The negative terminal from the ?rst load 2 is
connected to the positive terminal from the second load 3 at
the center tap 4. The positive terminal from the ?rst load 2

C1 Bypass capacitor

25

is connected to node B 5 thereby aligning the positive
terminal With the positive output on the poWer supply 11.
The negative terminal from the second load 3 is connected
to node D 7 thereby aligning the negative terminal With the
negative output on the poWer supply 11. A?lter inductor L1
is connected to the center tap 4 betWeen ?rst load 2 and
second load 3 and node C 6 betWeen ?rst sWitch SW1 and
second sWitch SW2. Nodes B 5, C 6, and D 7 facilitate
connection of ?rst load 2, second load 3, and ?lter inductor
L1 to the regenerative drive 14. The regenerative drive 14

35

consists of a ?rst sWitch SW1, a second sWitch SW2, and a
sWitch controller 10. First sWitch SW1 and second sWitch
SW2 are connected in series to node B 5, node D 7, and
dually to node C 6 thereby parallel to both ?rst load 2 and
second load 3. A sWitch controller circuit 10 is connected to
both ?rst sWitch SW1 and second sWitch SW2. Parallel to
both ?rst sWitch SW1 and second sWitch SW2 and opposite
of both ?rst load 2 and second load 3 is a bypass capacitor
C1 connected at node E 8 and node F 9. ApoWer supply 11

11 PoWer supply
12 Node H
13 Node I

14 Regenerative drive
16 Ground

17 First single load
18 Second single load
19
20
22
23
24
25

Driver circuit
Median aXis
First outer layer
Second outer layer
First transductive element
Second transductive element

26 Middle layer
27 Adhesive
28 Bimorph actuator
30 Planar con?guration

45

is connected adjacent to the bypass capacitor C1. The poWer
supply 11 is of ?nite impedance and applies dc. voltage to
the driver circuit 19. The poWer supply 11 replenishes

voltage lost during sWitching and that portion eXpended by
?rst load 2 and second load 3.
The regenerative circuit 14 consists of a ?rst sWitch SW1,
second sWitch SW2, and sWitch controller circuit 10. Both
?rst sWitch SW1 and second sWitch SW2 rapidly and

31 Upper layer
32 LoWer layer
DESCRIPTION OF THE INVENTION

alternately sWitch betWeen OFF and ON, thereby adjusting

FIG. 1 generally describes the present invention at a
functional level. The invention consists of a ?rst load 2, a
second load 3, and a driver circuit 19. Both ?rst load 2 and

current ?oW Within the sWitchmode poWer control circuit 1
and energy ?oW betWeen the ?rst load 2 and the second load

3. EXample sWitches SW1, SW2 include bipolar transistors,

second load 3, having identical mechanical and electrical
impedance, are transductive elements 24, 25 in the bimorph
actuator 28. The driver circuit 19 provides dc. voltage to
both ?rst load 2 and second load 3 arranged in series such
that at equilibrium one-half of the total voltage (V) from the
poWer supply 11 Within the driver circuit 19 resides Within
the ?rst load 2 (V/2) and the second load 3 (V/2). This

MOSFET’s and IBGT’s, all knoWn Within the art. The ?lter
inductor L1 stores energy When either ?rst sWitch SW1 or

condition is referred to as the equilibrated charge state and

is represented in FIG. 1a.
The driver circuit 19 cycles and recycles poWer betWeen
the ?rst load 2 and the second load 3 via the charge transfer
process. In FIG. 1b, the driver circuit 19 directs poWer from

The sWitchmode poWer control circuit 1 includes a ?rst
load 2 and a second load 3 connected to a driver circuit 19.
The driver circuit 19 consists of a ?lter inductor L1, a

regenerative drive 14, a bypass capacitor C1, and a poWer

SW1 First sWitch
SW2 Second sWitch
L1 Filter inductor
1 SWitchmode poWer control circuit
2 First load
3 Second load
4 Center tap
5 Node B
6 Node C
7 Node D
8 Node E
9 Node F
10 SWitch controller circuit

via opening (OFF condition) and closing (ON condition) of

65

second sWitch SW2 is ON thereby providing a temporary
charge ?oW bias at the onset of the neXt sWitching condition.
The sWitch controller circuit 10 consists of a high-frequency
PWM modulator and driver circuitry knoWn Within the art.
The sWitch controller circuit 10 controls timing and duration
of OFF and ON conditions at ?rst sWitch SW1 and second
sWitch SW2. In preferred embodiments, OFF and ON
sWitching at both ?rst sWitch SW1 and second sWitch SW2
occurs at frequencies in the hundreds of kilohertZ. The PWM

is modulated With the desired Waveform, examples includ

US 6,665,917 B2
5

6

ing but not limited to sine, square, and sawtooth Waves. The

6 to have no voltage and placing center tap 4 at V/2,
continues to How in the negative direction for a short
duration into the second sWitch SW2. Thereafter, the charge

bypass capacitor C1 compensates for alternating current
conditions at the poWer supply 11 thereby eliminating cur
rent ripple. The sWitchmode poWer control circuit 1 is

direction reverses aWay from the ?lter inductor L1 since

voltage at node C 6 is noW the poWer supply 11 voltage (V)
and the voltage at center tap 4 is one-half the poWer supply
11 value. This charge ?oW pattern effectively “pulls” current
from node C 6 and “pushes” current through the ?rst load 2

terminated to a ground 16.
First load 2 and second load 3 may consist of one or more

capacitive elements. In the most preferred embodiment, both
?rst load 2 and second load 3 are mechanically and electri
cally matched transductive elements. While various embodi

and second load 3. But because the loads are not referenced

to the same point, the current causes a differential variation
ments are possible, the total mechanical and electrical 10

in the loads thereby effectively producing the “pushing” and
“pulling” described above.

impedance of the ?rst load 2 closely approximate that of the
second load 3.
FIG. 3 describes typical voltage Waveforms at both ?rst
load 2 and second load 3. FIG. 4 describes typical energy
?oW Waveforms for ?rst load 2 and second load 3. Both
Figures assume a sinusoidal command function from the
sWitch controller circuit 10 into the ?rst sWitch SW1 and the
second sWitch SW2. HoWever, any ?xed or variable function

FIG. 6 describes a typical bimorph actuator 28. The
sWitchmode poWer control circuit 1 is a mechanical half
15

betWeen a ?rst transductive element 24 and a second trans

is applicable to the present invention. FIG. 5 artistically
describes OFF and ON conditions at ?rst sWitch SW1 and
second sWitch SW2 for Waveforms pro?les in FIGS. 3 and

20

the total capacitance of both transductive elements 24, 25 are

approximately equal. In the preferred embodiment, a ?rst
25

frequency of equal duty cycle duration. Neither charge nor

preferred embodiment, transductive elements 24, 25 are
bonded to the middle layer 26 and outer layers 22, 23.
The bimorph actuator 28 forms a planar con?guration 30
either When no charge is applied to the transductive elements
24, 25 or When equal charges are applied Within the sWitch

discharge occur at the equilibrated charge state. Voltage at
center tap 4 is one-half of the poWer supply 11 voltage (V)
and at node C 6 is either the poWer supply 11 voltage (V) or
Zero.

mode poWer control circuit 1 to the transductive elements
35

increase in the OFF condition at the ?rst sWitch SW1.

SWitching bias increases the discharge of energy at the
second load 3 facilitating redirection to the ?rst load 2.
Alternatively, charge transfer from the ?rst load 2 to the
second load 3 is achieved by increasing the duration of the
ON condition at the ?rst sWitch SW1 thereby causing a
corresponding increase in the OFF condition at the second

equal to the poWer supply 11 voltage

ance is altered betWeen transductive elements 24, 25 result
40

45

displacement is limited by the charge saturation character
50

sinusoidal and phase shifted 180 degrees. Additionally,
current and energy ?oW Waveforms for each of the ?rst load
2 and second load 3 are phase shifted 90 degrees.
The charge transfer process at the circuit level is the
folloWing. When the ?rst sWitch SW1 is ON and the second
sWitch SW2 is OFF, current in the ?lter inductor L1,
accumulated When the second sWitch SW2 Was ON charging
node C 6 to V and center tap 4 to V/2, continues to How in
the positive direction for a short duration into the ?rst sWitch
SW1. Thereafter, the charge direction reverses into the ?lter
inductor L1 since voltage at node C 6 is noW Zero and the

voltage at center tap 4 is V/2. This charge ?oW pattern
effectively “pulls” current from center tap 4 through ?rst
load 2 and second load 3 and “pushes” current into the
ground 16. When the ?rst sWitch SW1 is OFF and the second
sWitch SW2 is ON, current in the ?lter inductor L1, accu
mulated When the ?rst sWitch SW1 Was ON causing node C

sometimes referred to as the unimorph effect. FIG. 6b shoWs

upWard curvature in the bimorph actuator 28 about the
median axis 20 When charge is removed from the ?rst
transductive element 24 and applied to the second transduc
tive element 25. FIG. 6c shoWs doWnWard displacement in
the bimorph actuator 28 about the median axis 20 When
charge is removed from the second transductive element 25
and applied to the ?rst transductive element 24. Charge ?oW
directions are noted in FIGS. 6b and 6c. The amount of

The energy ?oW

Waveforms for ?rst load 2 and second load 3 are also

24, 25, as shoWn in FIG. 6a. The planar con?guration 30 is
altered via the driver circuit 19 by the charge transfer
method. Charge transfer is achieved When the charge bal

ing in biased displacement of the bimorph actuator 28,

sWitch SW2. Here, biased sWitching effectively increases the
discharge of energy at the ?rst load 2 and redirects it into the
second load 3. The resultant voltage Waveforms for both ?rst
load 2 and second load 3 are sinusoidal hoWever phase
shifted 180 degrees. The total sum voltage at any time is

outer layer 22 and a second outer layer 23 further sandWich
the transductive elements 24, 25. The outer layers 22, 23 are

any stiff yet ?exible homogeneous or composite material
With the preferred embodiment being a metal. In the most

of ?rst sWitch SW1 and second sWitch SW2 at a constant

Charge transfer from the second load 3 to the ?rst load 2
is achieved by increasing the duration of the ON condition
at the second sWitch SW2 thereby causing a corresponding

ductive element 25. The middle layer 26 is a material
suf?cient to isolate the ?rst transductive element 24 from the
second transductive element 25. Transductive elements 24,
25 may consist of one or more capacitive elements, hoWever

4 to aid functional visualiZation.
The equilibrated charge state is identi?ed in FIG. 3 as a

horiZontal line With a magnitude V/2 representing one-half
the total voltage (V) across the poWer supply 11. This
condition is maintained by the rapid OFF and ON sWitching

bridge. A bimorph actuator 28 consists of a plurality of
planar members about a median axis 20. The preferred
embodiment consists of a middle layer 26 sandWiched

55

istics of the transductive elements 24, 25 and the stiffness of
the bimorph actuator 28.
FIG. 7 shoWs a preferred embodiment of the bimorph
actuator 28. The pre-stressed bimorph actuator 28 consists of
a steel or titanium middle layer 26, a pieZoceramic ?rst
transductive element 24, a pieZoceramic second transductive
element 25, an aluminum ?rst outer layer 22, and an

aluminum second outer layer 23 Wherein layers 22, 23, 26
and elements 24, 25 are bonded by an adhesive 27. In an
60

alternate embodiment, an upper layer 31 and a loWer layer
32 are applied to the bimorph actuator 28 consisting of a

loW-friction material preferably polytetra?uoroethylene.
The most preferred embodiment consisting of the folloWing:
outer layers 22, 23 being a 1.96 inch Wide by a 1.96 inch
65

long by a 0.001 inch thick aluminum, ASTM B20, plate;
transductive elements 24, 25 being a 2.04 inch Wide by 2.04
inch long by 0.015 inch thick 3195HD ceramic manufac
tured by the CTS Corporation of Albuquerque, N.M.; middle

US 6,665,917 B2
7

8

layer 26 being a 3.0 inch Wide by 2.24 inch long by 0.02 inch
thick stainless steel plate, type 302, ASTM A117; and
adhesive 27 being a high temperature polyimide commonly

thereof, other versions are possible. Therefore, the spirit and
scope of the appended claims should not be limited to the

description of the preferred versions contained herein.
What is claimed is:

known as LaRC-SI.

1. A method of fabricating a planar pre-stressed bimorph
actuator comprising the steps of:

The preferred embodiment is assembled With the folloW
ing process. The outer layers 22, 23 are perforated and
cleaned. The pieZoceramics are cleaned and sprayed With
LaRC-SI solution (e.g., 8% LaRC-SI poWder and 92%

(a) selecting a ?rst outer layer, a second outer layer, a
middle layer, a ?rst transductive element, a second

N-methyl-pyrolidinone) and then dried in an oven. The

transductive element, and an adhesive so as to maxi

middle layer 26 is scuffed, primed, pieZoceramics applied to
the middle layer 26, and outer layers 22, 23 applied to the

miZe differences in thermal expansion characteristics,
said ?rst outer layer, said second outer layer, and said
middle layer composed of a metal, said ?rst transduc
tive element and said second transductive element

pieZoceramics. A pre-heat step may be used to soften the
adhesive 27 and provide the adherence required to keep

elements 24, 25 and layers 22, 23, 26 together during
assembly. An alcohol solution also serves the same purpose. 15
To insure a uniform bond, a vacuum bagging process is used

to plate and ?xture as to apply equal pressure onto individual
elements While in the autoclave. The bimorph actuator 28 is

layer;
(c) cleaning said ?rst outer layer, said second outer layer,

placed into the autoclave, platen pressed, and subject to a
pressure and temperature. During the autoclave cycle, the
bimorph actuator 28 is heated, squeezed, cooked, then

said ?rst transductive element, and said second trans

cooled to room temperature. During cool doWn, differences
in the thermal coef?cients of expansion betWeen metals and
ceramic creates a stress state Within the material resulting in

a ?at planar con?guration 30.
The bimorph actuator 28 is polariZed on either the outside

25

sive;
(f) softening said adhesive via a solvent prior to assembly;
(g) assembling said ?rst transductive element and said

outer layer 22 thereby providing a positive. A second Wire is
attached to the second outer layer 23 thereby providing a

second transductive element onto said middle layer,
said ?rst outer layer onto said ?rst transductive
element, and said second outer layer onto said second

negative. And a third Wire is attached to the middle layer 26

for grounding.
actuators 28 separated by a frictionless material as described

35

by the upper layer 31 and the loWer layer 32. TWo electrod
ing options are possible. The ?rst option consists of similarly
poling and driving the pieZoceramics in parallel on one side
of the median axis 20, thereby functioning as the ?rst load

produce said planar pre-stressed bimorph actuator
When pressure is removed, said planar pre-stressed
bimorph actuator capable of curved de?ection about a
median axis of said assembly at one end of said

parallel on the opposite side of the median axis 20, thereby
functioning as the second load 3. The second option alter

assembly When electrically activated, said ?rst trans

nates poling and electroding thereby treating odd numbered
ceramics as the second load 3.

The description above indicates that a great degree of
?exibility is offered in terms of the present invention.
Although the present invention has been described in con
siderable detail With reference to certain preferred versions

transductive element thereby forming an assembly;
(h) vacuum bagging said assembly;
(i) applying pressure to said assembly;
heating said assembly; and
(k) cooling said assembly to room temperature so as to

2, and similarly poling and driving the pieZocermics in

pieZoceramics as the ?rst load 2 and even numbered pieZo

ductive element prior to assembly;
(d) spraying said adhesive onto said ?rst transductive
element and said second transductive element along
each planar surface contacting said ?rst outer layer,
said second outer layer or said middle layer;
(e) drying said adhesive in an oven to harden said adhe

of each ceramic or on the top of each ceramic. Three Wires
are attached to the structure. One Wire is attached to the ?rst

A multilaminar version of the bimorph actuator 28 is
realiZed by the sequential layering of tWo or more bimorph

composed of a pieZoceramic, said adhesive composed
of a high temperature polyimide;
(b) perforating said ?rst outer layer and said second outer

ductive element bonded in a planar fashion to said ?rst
45

outer layer and a ?rst planar surface along said middle
layer, said second transductive element bonded in a
planar fashion to said second outer layer and a second

planar surface along said middle layer.
*

*

*

*

*
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