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RESEARCH AND DEVELOPMENT STUDY
OF A PERISTALTIC ACTION
MICROINCH ACTUATOR

By Carlo LaFiandra

The Perkin-Elmer Corporation
Norwalk, Connecticut

SUMMARY

The Perkin-Elmer Corporation undertook the task of developing microinch
actuator technology and hardware capable of meeting the stringent require-
ments for either a segmented or a deformable active-optics space-qualified
mirror system. The program objectives were met. The Perkin-Elmer Corporation
successfully demonstrated a working peristaltic microinch actuator, and
successfully advanced actuator technology. This report describes the various
theories and models explaining the basis of operation of the actuator, the

actuator itself, and the tests performed.
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INTRODUCTION

This final report of the research and development study of a peristaltic
action microinch actuator is being submitted at the completion of Contract No.

NAS 12-2012 issued by the Electronics Research Center of the National Aeronautics
and Space Administration.

A key element in the development of a primary mirror active optical system
for an orbiting astronomical telescope is the actuator itself. The actuator
device must provide the servo-controlled force and displacement with the

necessary precision and reliability.

The developmental need for an actuator for the Segmented QOptics became
apparent in the Active Optical Systems for Space Stations Project (NASA
Contract NAS 1-5198), and the actuator need is present also in the Deformable
Active Optics work being done currently by Perkin-Elmer for Langley Researech
Center (Contract No. NAS 1-7103). Many ideas for actuators had been generated
and tested by Perkin-Elmer in the iaboratory in both of these two projects.
The most promising of these ideas had been developed to the point where

thorough investigation and development of 1/50 wavelength displacement was

warranted.

This contract just completed directed the Perkin-Elmer Corporation to
develop through analysis and evaluation the technology on fractional wavelength
actuators and the necessary hardware. The Advanced Actuator Project objective
was to develop actuator technology (in both theory and practice) that would
meet the requirements described herein for precision, range, efficiency, re-
sponse time, and reliability in a space-type environment. The project was
centered around the actuator techniques that meet the requirements of space

optical systems of the future.

The technique developed was the piezoelectric peristaltic actuator. The
peristaltic actuator principle*, which should not be confused with the "inch

worm" principle, is the result of extengive analysis and some laboratory testing.

*
Invented by H. J. Robertson of Perkin-Elmer



We, at Perkin-Elmer, had developed and tested magnetostrictive peristaltic

2
actuators designed for the Segmented Active Optics type of application, The
problems associated with magnetic field fringing effects in a magnetostrictive

unit are avoided by the piezoelectric type of unit.

We believe that the basic principle of peristaltic action for the actuator
has advantages over the '"inch-worm" principle because of the method of holding
the armature. The peristaltic actuator uses multiple area contact between the
armature and the sleeve, whereas, the "inch worm" used point or line contact
between the armature and the sleeve, If desired, it is theoretically possible

to operate the peristaltic actuator in an inch-worm mode.

The difference between the two principles manifests itself when both de-
vices operate in small steps with load. The "inch worm'" has basic technical
problems in moving with small enough increments when a restraining load is
present. It can be erratic and, when movement takes place, the step is gen-
erally too large for use in either a Segmented or Deformable Active Optics
mirror system, We believe that part of the reason for the erratic motion is
traceable to the point contact principle used in holding the stationary end
of the actuator armature to the sleeve and/or the inevitable bending that
results in inch-worm types of structures. The load is transferred from the
armature to the sleeve via the two point contacts (or, at best, two line
contacts). The load transfer is correspondingly concentrated and structural
bending action takes place inside the device. The high loads are avoided
in the peristaltic device since the load transfer from the armature to the
sleeve takes place over numerous elements (or large areas). Thus, the
peristaltic actuator does not have high concentrated loads and the corre-

sponding bending in the elements is reduced significantly.

Perkin-Elmer investigated and applied the most appropriate techniques
to solve the piezoelectric microinch actuator problem. We developed a
practical actuator solution by conducting thorough analysis and evaluation
in conjunction with carefully instructed laboratory work. The contract
ran for a period of 14 months and did result in the furtherance of actuator
technology along with working hardware. Both aspects of the development

achieved program objectives, The hardware produced as a result of this contract



consisted of three types actuators working on essentially the same basic princi-

ple but modified slightly to help establish various performance parameters,

This report includes a complete description of the various analytical
models describing actuator behavior and, in addition, a thorough description
of the hardware and the various tests performed with it. The correlation

between analytical and experimental results was demonstrated and is also

presented.

DESCRIPTION OF ACTUATOR

Before discussing the actual construction features of the actuator, it
is appropriate to briefly review the requirements since it is most important
for the reader to understand the physical properties of an Active Optics type

of actuator and to define technical difficulties that must be overcome to

obtain these characteristics.

Requirements

A/ 50 Wave displacement capability. -- The accuracy to which a diffraction-

limited mirror should be figured in order to put 95 percent of the maximum
possible energy into the central diffraction ring is 1/50 wavelength (RMS).
It has been found possible to achieve this level of precision in monolithic
mirrors such as the 36-inch solid fused-quartz mirror used in Stratoscope 1I,

and to approach the value in the Segmented Active Optics. This is the stand-

ard of accuracy that will be required for future orbiting astronomical tele-

scopes using Active Optics. It is necessary to position the segments or to

deform the surface by force actuators to at least this precision., A 1/50 wave-

[~
length at 6328A is approximately 0.5 x 10 6 inch. Therefore, the actuator must

have controlled displacements of less than 0.5-microinch for wavelengths in the

visible region of the spectrum. For ultraviolet applications, positioning

accuracy would have to be better than 0.1 microinch to achieve ultraviolet

diffraction-1limited performance.

When the actuator is used as a precision force generator in the Perkin-
Elmer Deformable Mirror applications, the displacement must be convertible
to a preclsion force with a magnitude of *2 pounds. This force level, in
turn, corresponds to *1/2\ of displacement with a thin deformable mirror

of fused quartz 1/2 inch thick, an £/D ratio of 3, and actuator spacing of



3 inches over a 30-~inch diameter. While there are many physical principles
that can be exploited to yield a precisely controlled force of the 2-pound
level, there are other requirements (listed below) that further limit the
choice. Specifically, the requirement for a power-off memory

eliminates magnetic galvanometer coil approaches.

Power-off mechanical memory. -- The actuator should maintain the last

controlled position (or force) when the power is turned off. This require-
ment corresponds to a mechanical memory. This feature will permit the tele-
scope power to be turned off without having the mirror figure degenerate
completely. Thus, when the optical system is reactivated, the -ontrol system
will be able to proceed directly with fine alignment of the surface rather

than starting with a completely misaligned surface.

Reversible displacements. -- Actuator devices that can produce a very small

displacement in one direction frequently cannot produce this small displacement
in the opposite direction. Furthermore, even when a device can make reversible
displacements, very frequently that displacement occurs with excessive backlash

or frontlash.

Since the actuator must be used in a servo loop configuration, it is de-
sirable that the actuator be bilateral in nature; i.e., appropriately applied
forces to the actuator cause the actuator armature to translate in either
direction. Although servo systems have been built with locking type of actua-
tors, such as locking worms, servo experience indicates that this type of a
system is more difficult to stabilize because of the nonlinear nature of the
servo load on the actuator. The very small displacement characteristic of the
actuator as previously discussed is a potentially helpful requirement to mini-

mize this bilateral requirement,

Large dynamic range. -- There are two ranges that must be considered. One

range is that imposed by initial misalignment of the mirror segments or initial
gross distortion of the deformable mirror due to the removal of 1l-g forces.

Since either of these adjustments needs be made only once per observation period,
most of it could be done as a separate function. The other range is that due to
thermal deformation and warping as well as to long-term material instability

or creep.
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Based on a typical supporting structure for a 120-inch mirror, the maximum
displacement due to thermal cycling alone has been estimated to be 0.010 inch.

The displacement would be correspondingly higher for larger structures.

It would be desirable, from the standpoint of minimizing moving parts and
simplifying the control electronics, to be able to achieve a large dynamic
range and precise positioning ability in the same actuator. However, this is by
no means a rigid requirement. The functions of coarse and fine positioning

might also be divided between two or more actuators operating in tandem.

Low power requirements. -~ It is obvious that the average power drain must

be maintained below the continuous power level available with enough surplus

to operate other perlpheral equipment and still allow for statistically possible
malfunctions. ©Low power disgipation in the actuator is necessary to prevent
thermal distortion of the mirror itself. Since the work to be done is extremely
small, on the order of 1 microwatt equivalent per step, it is desirable to have
a relatively efficient actuator to reduce the undesirable spurious effects that
arise as a result of the additional dissipation. A zero-power requirement,
during the time no displacements or forces are required, would be desirable

and would allow the mirror to maintain its last corrected configuration during

power-off operations of the space telescope.

The ability to operate in a Space environment. -- Considerations of the

problems of cold welding, evaporation, change of state, and change of properties
and dimensions with temperature change and radiation bombardment must be made

in the design of an actuator expedted to operate reliably in space over a period
of years. Hermetic seals, lubrication, and special temperature or pressure con-

trols should be minimized or avoided.

Ability to work against an opposing force. -- The forces opposing

actuator displacement in a space environment in the Segmented Active Optics case
are small but not zero, and are due primarily to friction and inertia. For

the Deformable Active Optics case, these forces are primarily due to mirror
spring constant. Although the mirror segments might have a fairly large

inertial mass, large forces are not necessarily required to displace them.



However, the smaller the force available and the shorter the time it is applied,
the smaller the spring constant required between mirror and actuator will be,

with a consequent degradation of the system response time.

Adequate response 'time. -- The required speed of response is estimated

to be a rate of displacement of 3 microinches per second for a typical support-
ing structure for a 120-inch mirror. For larger mirrors the requirement would

be correspondingly higher.

A displacement rate of 3 microinches per second may not seem to be a fast
response. However, there are devices that Perkin-Elmer has rejected on the basis

of this requirement.

Achievements

The first working piezoelectric peristaltic actuator has achieved a per-
formance of bidirectional, sequential, controlled steps from 1/50 to 1/25 of
a wavelength of visible light under varying load conditions of up to 1000 grams
axially and transversely applied to the actuator. The actuator control zone
is 2.0 inches and, with a step size of 1/50 wave (0.5 microinch), the dynamic

control range is 4,000,000 to 1.

In addition, the piezoelectric peristaltic actuator has the following

inherent characteristics:

(1) Ability to make very small steps against an opposing

force.
(2) Reversible motion with no backlash,
(3) No power required for holding when not running,

(4) Low power consumption (essentially no power dissi-
pated in actuator itself; only in the control

electronics).



(5) Fast response time,
(6) High mechanical stability.
(7) Large dynamic range for motion and speed.

(8) Simple and rugged construction.

Construction Features

Three of the actuator assemblies built and tested are shown in Figures 1, 2,
and 3. These figures and the frontispiece photograph show the basic simplicity
of the device. The actuator is of two-piece construction consisting of an
appropriately fitted solid Invar rod and a ceramic piezoelectric crystal.
Essentially the device 1s a hollow ceramic crystal which under normal ambient
conditions and no-voltage conditions is interference fitted onto the Invar
shaft. If under this condition an attempt is made to move the Invar shaft
with respect to the plezoelectric crystal, a restraining force appears,

This force 'is a function of the amount of interference and the coefficient

of friction. The interference fit produces the load holding capability

under no-voltage conditions. An interference fit of between 50 to 100 micro-
inches appears optimum. At any given section of the crystal, the interference

fit can be reduced to zero with the application of a specific minimum voltage.

When the hollow crystal blank is purchased from the manufacturer, it has
a silver coating fused to both the inside and the outside diameter. The inside

is reworked during fabrication to the specified diameter and, in the process,

the silver is removed. This removes the inside electrode for which the iInvar
shaft is sﬁbstituted during operation. The outside silver, which is approxi-
mately 0.0007 inch, is not reduced in thickness. Grooves are subsequently
ground on the outside to a depth sufficient to remove bands of the silver elec-
trode with a minimum of crystal material removal. The resulting piezoelectric

crystal now appears as & hollow cylinder with electrode rings on the outer

[
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circumference running the full length. In the first actuator fabricated and
tested, the length in the center of the crystal had the electrodes removed

to enable a mounting flange to be attached. The actuator design is flexible
enough to permit this flange to be located anywhere along the length of the
crystal. Test actuator No. 2 had no electrode material removed and the

flange could be placed anywhere along its length. The inside of the piezo-
electric crystals are honed to bring them to the desired diameter and finish.
The outside diameters of the Invar shafts are lapped using pitch laps and
optical polishing compound. The finish of the shaft is approximately 1-~1/2 to 2
microinches. (Measurements taken were based on ASA B46.1 - 1962, Surface

Texture and Surface Measurement Specification.)

The analysis of the characteristics of operation of the actuator shows
that the location of the mounting flangeis important since it determines the
characteristic step shape of the actuator. The first actuators with the mounting
flange in the middle produced the characteristic step shape depicting maximum
displacement occurring during the middle of the step. The analysis showed that,
if the flange were placed elsewhere on the crystal, the step shape would be
appropriately modified. To prove this, it was first necessary to establish the
fact that you do indeed obtain the same step characteristic by either mounting
the actuator via the center located flange and monitoring the Invar shaft,
or mounting the actuator on the Invar shaft and monitoring the flange. This
interchangeability was proven with experimentation. That is, the same output
step ensued from the actuator if the mounting and monitoring locations were
interchanged. Once this was proven, an analysis-based prediction was made
describing the step shape when the crystal end was monitored. The results of
the experimentation with the actuator supported the prediction. This analysis

and these results are described in the analytical section of this report.

Relative motion is made to occur between the Invar shaft and the ceramic
piezoelectric crystal by appropriately pulsing the outer band electrodes on the
crystal. The various actuators fabricated have either 10 electrodes or 16
electrodes with the same crystal length. The 10-electrode crystal has the
mounting flange in the middle, while the l6-electrode crystal has no flange and

a smaller width electrode. The gap between electrodes was maintained constant

13



at 0.015inch in both instances. For the electrode spacing a tradeoff was made
between the fixed length of crystal obtained, the maximum member of electrodes
desired, the minimum gap between electrodes to prevent arc-over, the electrode
length required to easily make contact, the voltage necessary to drive the
crystal, and the depolarization voltage of the crystal. It is felt the PZT-5A
purchased from the Clevite Corporation is satisfactory for the current configura-
tion. Contact with the ring electrodes is accomplished in either of two ways.
"Fingers', held by an imsulator, press.against the electredes when the actuator
is mounted by the center flange or wires are pigtailed on the electrodes using
conductive epoxy adhesive when the actuator is run with the Invar shaft
mounted. These techniques alleviate the problem of tieing the insulating

block to the crystal. The actual details of the electrical pulsing technique

used is described in this report in the electrical section.
Mounting Technique

In order to make any measurements of the operating characteristics of the
actuators, it is necessary to mount the device in some prescribed manner.
As the actuators were manufactured with a collar centrally located on the piezo-
electric element expressly for mounting, this collar was the primary means
of support. Collectively, there were three distinct methods used to mount

and support the actuator.

The most widely used support technique was to forcibly clamp the collar
at three roughly equally spaced locations around the collar. The collar was
clamped against a half-inch thick steel plate off which also was mounted
the adjustable mount for the Brown & Sharpe Electronic Indicator. The large
portion of our measuremenfs were taken in this configuration. This mounting

technique is shown in Figure 4.

The second mounting technique used was to mount the device by clamping the
collar at only one local area. Deliberate effort was made to assure that the
rest of the collar and actuator was free to deflect. The technique is shown
in Figure 5. This mounting configuration was of interest because it clearly
indicated that the mounting flange was being substantially deformed during the

step sequence. The data on this is presented in the section pertaining to data.

14
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Figure 4. Actuator With Fully Clamped Collar
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Figure 6.

Actuator With Mounted Shaft
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The third mounting technique was to mount the Invar shaft. This is shown in
Figure 6. In this configuration, displacement measurements can be made at

either end of the piezoelectric cylinder and at the mounting collar.

DESCRIPTION OF ELECTRONICS

The peristaltic actuator was designed to require the application of a
relatively unique set of voltage waveforms. As these waveforms were not
available from any existing electronic'hardware, it was necessary to design
and construct the necessary electronic system. This electronic system began
with a set of manual switches and evolved into one with solid-state digital

logic and high voltage amplifiers.

The manual switch system allowed any actuator electrode to be energized
or de-energized at will. 1In this manner, initial observations of the actuator
performance were obtained. Operating characteristics of this system that

prompted further electronic development were:

(1) Lack of precise simultaniety of multiple switching operations
(2) Relatively slow switching sequence rate
(3) Tedium of producing repetitive stepping cycles

The second generation of the electronic system utilized solid-state
electronic components. This system included both solid-state digital logic and
‘high voltage amplifiers. With this system, investigations were performed to
determine the optimum wave shape for the voltages applied to the piezoelectric

electrodes. The various waveforms are shown in Figure 7.

Waveforms B and C are modifications of waveform A (Figure 7). They
were achieved by passing the waveform A voltages through R-C low-pass filters
with relatively long or short time constants before they were applied to the

actuator electrodes.

Waveforms E and F are again modifications of waveform D. For waveform E,
waveform D was used to switch on and off the high voltage that was modulated to

produce a 1 + cos wt waveform for the even numbered electrodes and a 1 - cos wt



Figure 7. Waveforms of Voltages Applied to Piezoelectric Electrodes

waveform for the odd-numbered electrodes. Waveform F was obtained in the same
manner as waveform E with the modification that the high voltage waveform was
distorted away from the above description by feeding the signal through a non-

linear circuit.

The only waveform that produced reliable stepping motion was observed to
be the square wave potentials with each '"on'" cycle overlapping the previous and
following sequential waveforms by one-half the "on" time of the square wave,

waveform D. This is the waveform used for all subsequent testing and operation.

As a result of the successful performance tests performed with the above
electronic system, additional features were built into the breadboard system.
These provided incorporation of a built-in clock in place of an external signal
generator; forward and reverse direction logic in place of rearranging output
leads to change direction; a threshold and polarity detector to control actuator
step direction, thereby allowing closed-loop operation. With this electronic’
system the bulk of the experimental data was obtained. The block diagram of this

final breadboard electronic system is given in Figure 8.
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With the introduction of the 1l6-electrode actuator, extensive modification
to the electronics became necessary again. It was elected to build a complete
new electronic system incorporating all the features that we felt were necessary
and deleting those features that we deemed to be unnecessary. This system

was designed to conform to the following characteristics:
(1) To be packaged in a deliverable form

(2) To be autonomous except for the high voltage power supply and

displacement transducer.
(3) To provide manual control of step direction and rate
(4) To accommodate both 10-electrode and lé6é-electrode actuators.

For the control logic portion of this new electronic system, two
competitive designs were developed. The first design was based upon integrated
circuits, and included the above design characteristics plus the following

characteristics:
(1) A given step always begins at the start of the counting sequence

(2) A step in process 1is completed before the actuator can stop or

reverse direction.
The schematic diagram for this system is contained in Figure 9.

The second control logic designed was patterned after the system used in
the breadboard electronics. This system is built up from discrete components
and provides only the necessary functions listed above. It was decided to use
this approach in the final package since we had already breadboarded this type
of system and we were more familiar with the discrete component construction

than with the integrated circuit construction.

The block diagram of the final electronic system is given in Figure 10.

The complete schematic diagram will be supplied under separate cover to ERC.
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Key features of the final electronic system are:

(1 Front Panel Controls:

(a)

(b)

()
(d)

(e)

Single switch for selection of number of electrodes on

actuator.

Fast or slow rise time to reduce power supply loading when

very fast step rates are not required-
Toggle switch for Forward-off-Reverse control.

Four-decade range switch for internal clock rate--variable

from one step per second to one thousand steps per second.

Fine control for internal clock--varies clock rate from coarse
control setting to one-tenth of coarse control setting--
allows a minimum speed of approximately one-tenth of one step

per second.

(2) Rear Panel Connections:

(a)
(b)

High voltage power supply connections.

Bias supply connections--to provide ability to effectively
increase or decrease the amount of the interference fit between

the piezoelectric sleeve and the Invar shaft.

(3) Internal Features:

(a)
(b)

Self-contained low-voltage power supplies.

Built-in cooling fan to allow extended operation at the fast

rise time setting for maximum step rates.

Appendix A of this report contains a brief operation manual for the elec-

tronics box.
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ACTUATOR ANALYTICAL STUDY

The analytical work on the peristaltic actuator is divided into three
parts. Part 1 concerns the calculation of surface displacements of the shaft
caused by shrink-fitting a piezoelectric tube on the shaft, and of the shrink
pressure between the tube and the shaft. Part 2 deals with a study of local
separation between the tube and the shaft when the tube is electrically excit-
ed by applying voltage to any ring of silver coating on it. The axial dis-
placement of the piezoelectric tube relative to the shaft caused by the appli-
cation of voltage in presence of friction is considered in Part 3. It is this
relative motion that is observed as the output displacement of the actuator
either at an end of the shaft if the mounting plate is grounded, or at the
mounting plate if the shaft is grounded. A number of simplifying assumptions
have been made and only a linear static analysis has been attempted. Nonethe-
less, the correlation between the analysis and the experiment is good. The
mathematical notations are separately defined for each of the three parts and
should not be interchanged. Any symbol used does not necessarily denote the

same thing in the three parts.

Part 1, Deformation of Actuator Shaft Due to Shrink Fit

A piezoelectric tube is shrink-fitted on a solid cylindrical shaft of
Invar. This causes deformations in both the shaft and the tube. In general,
the shrink pressure is nonuniform, but will be taken as approximately uniform.
Analytical solutions of the problem are available in Refs. 1 and 2. According
to the author of Ref, 2, the computed results of the two solutions show close
correspondence in all except minor details. The method of Ref. 1 is relatively

simple for computational purpose and will, therefore, be used here.

The deformation of a shaft due to a finite band of uniform pressure on its
surface may be obtained by the application of the solution of a different prob-
lem. This is the problem of deformation of the shaft surface due to another
kind of pressure distribution, hereafter to be called the basic pressure load-
ing as shown in Figure 11l(a). The pressure distribution of Figure 11(b) is the
same as tﬁat of Figure 11(a) except that the direction of pressure is reversed
and the origin is shifted to the right through a distance b. Superposition of

pressure distributions of Figures 11(a) and 11(b) yields the required pressure
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uniformly distributed over a width b as shown in Figure 11(c). The following

equations, all taken from Ref, 1 except where otherwise stated, are for the

case of the basic pressure loading of Figure 11(a). The notation used in

these equations is as follows:

r radial direction or coordinate

z = axial direction or coordinate
u = radial displacement
w = axial displacement
E = Young's modulus
v = Poisson's ratio
a = radius of the cylinder
p = step pressure due to shrink fit as shown in Figure 11(c)
b = width of the pressure band = length of piezoelectric tube
L =V-T
J = Bessel function of the first kind and nth order

In = modified Bessel function of the first kind and nth order

The relationship between Jn and In is obtained for real t from p.128 of

Ref. 3 .
J(2i4) = 1i" I (240)
n n

1 t t2 t3

n S —
= U | T D T 2D T 3T (03!

_.n/2 |1 t t2 3
I,(2V0) = ¢ [: P! Y 20! T 3yt T
2 3
1 t t t :
L, () = [o_:' Ttz taar ]
- tn-1
T pmp L(-D!

(1-2)
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Again from Ref., 1,

u = - pald-p)

o - 2E
(2i-Dx

4a

o (ka)
- 2(1-y) - 1%a (ka)

At the surface of the cylinder,

k =

=}
I

«©
o sy BT L

4(1+vV) m
Ya T Y w(l-w) L (23- 1) {ka " [2(1 i

1 _(ka) 1,(ka)
- ka o cos kz
Il(ka) J Il(ka)

(1-3)

(1-4)

(1-5)

(1-6)

(1-7)

(1-8)

Io (ka) and Il (ka) can be calculated from Eqs.(1-2) and (1-3) by sub-

stituting

(1-9)



C ter ogram t alculat and w_.--
ompu program to ¢ u e uaw a*

Input: p, a, v, Az, E

Calculate:

]

1

it

]

- pa (1-v)/2E

u x 8(1+y) /&, v, T T U X 4(1+v) /[x(1-v) ]

-2(1-y);
2§ -1
njf4a; t
1; I1 =
tot/(n-l

X, = Eé

24" - 1

z =0

(o]
1;

)2

2

=0

t =1

Repeat for

n = 1,2,

2, 2
a®(1-1_°/1,%)

21 + (sin kj z)/mjj

22 + 1/jmj

23 + kja +<2(1-v) - kja Rj}RJ}

z
uou X 1

uow (22+

z + Az

23)

\

R

W

cos k.2

jl

epeat for
=1,2y0.... ®

>Repeat for
j'=1,2,.....=

—_

Repeat for as many Az as

required
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In practice, the above repeated calculations are to be terminated for some

finite values of n and j'.

Numerical Calculations. -- u, and w, are obtained from a computer

program based on the foregoing outline. The following data are used:

a = 0.4375 in, p = 0.26, E = 21 x 10% psi,
dz = 0.05 in, p = p, = 65 psi,

where P, = shrink-fit pressure, assumed uniform, calculated as follows:

By Eq.(3) of Ref. 2,

u, = radial displacement of the inside of the piezoelectric
1 .
cylinder
2 2
ap (1+v.) + (1-v)) a"/a
=0 1 1 1 (1-10)
YA 4 ) -
E, 1-a /a1
where a, = outer radius of the cylinder, a = inner radius of the cylinder,
E1 = Young's modulus of the piezoelectric material, V1 = Poisson's ratio for
the piezoelectric material, With a, = 0.5005 in., a = 0.4375 in., E1 = 9,14 x
106 psi and v, = 0.31, we have
u = 0.4375 x po [31+0.31)+(1-0.31)x 0.43752/0.50052:]
= - Z pJ T
Ty 9.14 x 106 1 0.43754/0.5005
-6 .
= 0.3728 x 10 p, in.
By Eq.(4) of Ref. 2,
u = radial displacement of the outer surface of the shaft
r
2
_ (1-v)a p, (1-11)
I(E 2
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where k is to be obtained from Figure 2 of Ref., 2 for the given value of b/2a.
With b = 1.0 in., a = 0.4375 in., b/2a =1/ 2 x 0.4375 = 1.143, The correspond-

ing value of k is approximately 1,25.

- (1-0.26) x 0.4375 p5 _ 4 0123 x 107 p_ in.
r2 6 °
1.25 x 21 x 10

Now for compatibility of displacements we must have

u +u_ =0 = specified radial shrink;
r r, r

therefore,

(0.3728 + 0.0123) x 1078 p, = 25 % 107 in.

Therefore, P, = 65 psi.
The computer calculations are given in Table I and are plotted in Figure 12.

The surface displacements of Table I and Figure 12 are for the basic
pressure loadin; of Figure 11(a). The displacements due to a pressure band of
width b = 1 in. can be obtained as previously explained and as shown in
Figure 11, TFigure 13 gives plots of radial and axial surface displacements

due to this pressure band.

If the central relief is taken into consideration, the shrink fit pressure

may be approximated by two uniform pressure bands as shown below. The surface

be— b—d g, 156}e— P —od

displacements for each band may be calculated exactly as above and superposed
to obtain the resultant distribution. However, P, may have to be recalculated.
because b = 0.422 in. is different now. b/2 a = 0.422/(2 x 0.4375) = 0.4822.
For this value of b/2a, k > 1.3 from Figure 2 of Ref, 2. This is not much
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different from k as previously used. Therefore, P, will not change signifi-

cantly. The surface displacement plots for this case are given in Figure 14,

Conclusion. -- As shown in Figure 14, the maximum radially inward dis-
placement of the outer surface of the shaft is approximately 1 microinch. The
radially outward displacement of the inner surface of the piezoelectric tube
must then be approximately 24 microinches so as to make up a total of 25
microinches of radial interference between the tube and the shaft. Consequent-

ly, the shaft may be assumed to be rigid in comparison with the tube.

Part 2, Local Separation Between Shaft and Piezoelectric Tube
Due to Application of Voltage

The piezoelectric tube is a thin walled shell of anisotropic material

whose dimensions are changed when it is subjected to an electric voltage. Its
mean radius and length are increased and the wall thickness is reduced. This
causes a reduction in the shrink pressure between the shell and the shaft. 1If
the voltage is applied over the entire surface of the shell, the pressure
reduction takes place all over its inner surface. If the voltage is restrict-
ed to one or more conducting rings of silver coating on the shell, the reduc-
tion in pressure is confined to the inner surface in the regions of the rings.
The voltage on any ring required to null the shrink pressure may be denoted

by Vo' Any increase in voltage over Vo causes the ring surface to lift and
separate from the shaft locally. This separation, which is due to the radial
piezoelectric growth of a ring, will be considered in this section. The axial
displacement of the shell is ignored here, but will be considered later in

Part 3.

Equations of elastic thin shell theory from Ref. 4 will be used here.
The anisotropic nature of the piezoelectric material is ignored and the shell
is assumed to be isotropic. Figure 15 shows the geometry and the loading of
the shell. The pressure over the width (a-b) of a ring is assumed to be uni-
form and its direction is opposite to that of the shrink pressure,which is

not shown in the figure. The notation used in the analysis 1s as follows:

R = mean radius of the shell (in.)

]

rt
Il

wall thickness of the shell (in.)
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24 = length of the shell (in.)
p = intensity of band pressure (psi)

a = distance of the right edge of the pressure band from the

middle cross section of the shell (in.)

b = distance of the left edge of the pressure band from the

middle cross section of the shgll (in.)
w = w(x) = radial displacement (in.)
E = Young's modulus of elasticity (psi)
v = Poisson's ratio

flexural rigidity = Et3/12(1—y2)(1b in.)

=}
I

Z(x) = applied radial load (psi)

From Ref. 4, the differential equation governing the radial displacement of
the shell is

4
d'w + 4 B4w _ Z_ (2-1)
4 D
dx o
where 2
4 Et 31-p)
B = 2 = > 5 (2-2)
4R D0 Rt

General solution of Eq. (2-1) is

w = eBx (C1 cos Bx + C, sin Bx)

2.

sin Bx) + F(x), (2-3)

-Bx
+ e (C3 cos PBx + C4

where F(x) is a particular solution of Eq. (2~1). For the three branches of
the deflection curve, represented by i = 1, 2, and 3, respectively, the ex-

ternal radial load and the particular solutions are

i=1, -g£x<b, Z=0, F(x) =0 h
R2
i=2 bsx<a, Z=p, F(x) =0 ) (2-4)
i=3 a<xsx<yg Z=90, F(x) =0
>
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The general solution for the three branches of the deflection curve may then

be written as

w, = epx(Cli cos Bx + C sin Bx)

i 2i

-Bx R2
+ e (C cos Bx + C sin Bx) + n g;— (2-5)

3i 4i

where n =0 for 1 =1 and 3, and n = 1 for i = 2,

Three successive differentiations of Eq. (2-5) with respect to x give

the following: ‘

dwi

rralbl eP% [(Cli + Cy;) cos Bx + (€, - C ) sin BXJ

(2-6)
-B g‘BX [ECSi - Cai) cos Bx + (C3i + C4i) sin B%]
2
dw
i 2 Bx -
dxz = 28" e (C21 cos Bx C1i sin Bx)
. (2-7)
-232 e_Bx (C41 cos Bx -~ C31 sin Bx)
d3w1 3 Bx
dx3 = 2B e (C2i - Cli) cos Bx - (C1i + CZi) sin Bx
(2-8)

+ZB3 o Bx [(031 + C4i) cos Bx + (C4i - C.3i) sin Bx]

The 12 constants Cji’ j=1, 2, 3, 4 1i=1, 2, 3 in Eq. (2:5) can be
evaluated by applying the boundary conditions and conditions of continuity.

Bending moment Mx and shear force Qx are zero at both ends, which are free.

(1) 4%,
2 =0 atx;-g
dx
2
d“w

B —3_0 atx=1
dx
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3

d”w

(3 31=0 at x = =4
dx
3
dw

(%) 33=0 at x = 4
dx

Deflections of branches 1 and 2 are equal at x = b, and those of branches

2 and 3 are equal at x = a.

(5 w, =w, atx=05>D

1 2

(6) Wy =W at x = a

Slopes of branches 1 and 2 are equal at x = b, and those of branches 2 and

3 are equal at x = a.

dw dw

(7> _1___2 -
dx ~ dx at x = b
dw dw

@8 _2__3 -
x - dx at x = a

Bending moments for branches 1 and 2 are equal at x = b, and those for

branches 2 and 3 are equal at x = a.

2 2
d"w d"w
(9) 1 = 22 at x =b
dx dx
2 2
dw d w
(10) 22 = 3 at x = a
dx dx

Shear forces for branches 1 and 2 are equal at x = b, and those for

branches 2 and 3 are equal at x = a.

3 3
(11) d wl d wz
3 = 3 atx =5
dx dx
3 3
d"w dw
(12) 32 = 33 at x = a,
dx dx
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Substitution of these 12 conditions in Eqs. (2:5) through (2-8) yields

the following 12 equationms.

e_Bz(C21 cos BL + C sin BQ)

11

- eB‘z (C41 cos BL + C sin Bg) =0

31

cos BL - C sin B2)

cos By - C33 sin By =0

e"B‘Z E021 - Cll) cos B4 + (C11 + 021) sin Bg]

Bg -
+ e [3031 + 041) cos Bg + (031 - C41) sin B%] =0

B2
e (C23 - 013) cos B4 - (C13 + 023) sin B%]

+ e-Bt [}033 + 043) cos Bg + (043 - C33) sin B%] =0

sin Bb) + e-Bb( cos Bb + C

€3y 41

sin Bb) + e-Bb(C32 cos Bb

_Ba
e (C12 cos Ba + C sin pa) + e (C32 cos Ba + C

22 42

= eBa (013 cos Ba + C sin Ba) + e_Ba(C33 cos PBa

23

2
+ c43 sin Ba) - pR°/Et

(2-9)

(2-10)

(2+11)

(2-12)

(2-13)

(2-14)

41




42

Bb
e [kcll + 021) cos Bb + (021 - Cll) sin Bbj
_ _~Bb _ ,
e [(031 C41) cos Bb + (031 + C41) sin Bb ]
= eBb [(C12 + C22) cos Pb + (C22 - C12) sin Bb ]

-Bb
- P [(c32 - C,g) cos Bb + (C,, + C,0) sin Bb-]

eBa [(C12 + C22) cos Ba + (C22 - C12) sin Ba]

- P8 BC32 - C,p) cos Ba + (C o, + C ) sin Ba]

= eBa [(013 + C23) cos Ba + (023 - C13) sin Ba ]

- e-Ba [(033 - 043) cos Ba + (033 + 043) sin Ba]

b

Bb - ; I
e (021 cos Bb C11 sin Bb) e (C41 cos Bb
-C sin Bb) = eBb(C cos Bb - C sin Bb)
31 = 22 12 50
- .~Bb -
e (C42 cos Bb C32 sin Bb)
Ba _ . _ _-Ba -
e (C22 cos Ba C12 sin Ba) e (C42 cos Ba C

Ba

= e cos Ba - C sin Bpa) - e-Ba

(Cy3 13 (Chq

eBb [(C21 - Cll) cos Bb - (C11 + CZI) sin Bb]
;e PP [(c31 +C,p) cos Bb + (G, - C,.) sin Bb.]
= eBb [(022 - Cy9) cos Bb - (C12 + C22) sin Bb ]

+ e PP [(032 + C,p) cos Bb + (C,, ~ C,.) sin Bb ]

32

cos Ba - C

(2-15)

(2-16)

(2-17)

(2-18)

sin pa)

(2-19)



eﬁa [}022 _

[}032 + 042) cos Pa + (042 - C32) sin.Baj

eBa [}623 - 013) cos Ba - (013 + C23) sin Ba:]

-Ba .
+ e [:(C33 + C43) cos Ba + (043 - C33) sin Ba

+ e

Ba

Now, introduce the following functions:

fl(x)
fz(x)
f3(X) =

f4(X) =

Further, for

Equations (2-9) through (2-20) then reduce to the following equations:

k

Ay ©

Ay Cig N Cog t 0, Cgq 7 Ay Gy =
. c
(g = A Cpp * O + 29 €y
- C =
+(>\1 xa) 41 0

“(n + Ay Crgt O = A Cog v (g - Ay Cyq

+(n, + xQ) c

C C + C +
By “11 T Mg a1 T M g

=g Gy 1y Cpp

Bx

e cos Bx?

e‘Bx cos Bx L

Bx

"

|
o

sin Bx

I
1]

sin Bx

Py
=1, 2, 3, and &4, let
fk(z)

£, (a)

+ N, C -n, C -, C

11 2 21 3 31 1 41

43 =0

= pRZ/Et

ClZ) cos Ba - (012 + C22) sin Ba]

+ (xl + x3) C3

c . - c
e Y41 T M

J

- 1y Gy

(2-20)

(2-21)

(2-22)

(2-23)

(2-24)

(2+25)

(2-26)

(2-27)
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44

a, C + . C + a2 C32 + a4 qu - al

2
- 0y Ggq - @ Cyq = - pRU/EL

(uy = u3) C11 + (ul + u3) Coy = (ny + 1y Cay + (uy - u4)C4

“Cuy = mg) Cyp m Gup ngd) Cop v Gy + py) Cgp=(uy -

(a1 - a3) C12 + (al + a3) C22 - (az + a4) C32 + (a2 - ah) C

- - C -

(OL1 a3) 13 (al + a3) C23 + (a2 + a4) C33

“(@y = @) Cuy =0
Mg Oy g Cop +uy Gy =iy Cpy + g Crp -y Gy

- C =

My g9 Ty Cpy =0
-a,. C +a, C + - o, C + . C - a, C

Gy FHg) Cpp t Gy mg) Cop ¥ Gy k) Oyt Guy r ) C

*(y Tug) Cp = (g = ugdChy = iy =1y Cgy

= (ug ) Cppy =0

-(al + a3) C12 + (a1 - a3) 022 + (a2 ~ a4) C32 + (cz2 + a4)C4
g Ay Cpg - (@ - @) Gy - (@) - @) Cyy

-(a2 + a4) C43 =0

1

Hg)Cpp

42

41

2

(2-28)

(2-29)

=0

(2-30)

(2-31)

(2-32)

(2-33)

(2-34)



Simultaneous solution of Eqs. (2:23) through (2-34) yields the required expres-

sions for the 12 constants cji’ j=1, 2, 3, 4, i=1, 2, 3.
follows:
¢ - Bog Ay3 ~ Ay Ayg g?
= — )
11 - A Ay, - Ay Ay Et
c = Ary Ag3 ~ Ay Ay pR?
= _ ’
21 Ay Ayy m A 8, Et
where
AL =(O, - x)z Pl
11 2 57 T (xl )
_ 2 2
Ajp = 207 - 2D
A= (@ - u )0 + A2 -2 (@ - u) A2
13 2 " M/ T A, 4 " M ™M %
2 2
Ao = 200, - Ny )
_ 2 2

_ _ _ 2 2

_ 2 2
Cy = O =2 ¢ - 220,% ¢,
_ 2 2
Car = 2% Cpp v Gy 27 €y
2
Cip = € - uy PRO/2EE
C.. =C, - pR2/2Et
22 21 ~ M4
C.. = C,. - u pRZ/2Et
32 = Y31 T Hg
2
C..=¢C pR%/2E¢

42 = “41 " M3

2

Ci3 = Cp + (@5 - uy) PR/ZEL
_ ) 2

Ca3 = Cgp + (¥ - wy) PR7/2EL
2

C33 = C31 + (a1 “1) pR*/2Et

1

1

They are as

- ul)

Ny

(2-35)

(2-36)

(2-37)

(2-38)

(2-39)

(2-40)

(2-41)

(2-42)

(2-43)

(2-44)

(2-45)

(2+46)
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2
= - R -
043 C41 + (oz3 u3) pR“/2Et (2-47)

Numerical Calculations. -- The equations of the foregoing analysis were

computerized, Using the following data, the deflection L at the midpoint of
each ring was computed. These deflections together with the values of a and b

are given in Table II.

R =~ 15/32 in., t = 1/16 in.

24 >~0.956 in., p =65 psi as per Part 1.
E ~8.1 x 106 psi, p=0.31

width of a ring =~ 0.077 1in.

This value of ring width includes half of the gaps on both sides of the ring.
Rings are numbered 1 through 10 starting from the left end of the shell,

TABLE TII

PIEZOELECTRIC SHELL DEFLECTIONS
AT MIDPOINTS OF CONDUCTING RINGS

Ring a b W,
fo. (in.) (n.) (in x 107%)
1 -0.3935 -0.4705 16.83
2 -0.3165 -0.3935 8.96
3 -0.2395 -0.3165 8.29
4 -0.1625 -0.2395 8.24
5 -0.0855 -0.1625 8.08
6 0.1625 0.0855 8.08
7 0.2395 0.1625 8.24
8 0.3165 0.2395 8.29
9 0.3935 0.3165 8.96

10 0.4705 0.3935 16.83

With this information and some from Part 1, the mechanics of separation
of the piezoelectric shell from the shaft in the region of an electrically

excited ring may be explained. Recall from Part 1 that the shrink pressure is
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65 psi outward and the corresponding deflection of the piezoelectric shell is
approximately 24 microinches. This is plotted in Figure 16(a). Table II gives
the deflections at the midpoint of the rings due to a narrow band of 65 psi of
pressure in the inward direction, the band width in each case being equal to
that of the ring. These pressures anddeflections for a typical ring are plotted
in Figure 16(b). Superposition of the corresponding plots of Figures 16(a)

and 16(b) yields the pressure and deflection plots of Figure 16(c). The

(a) g
a
@ Y
v o -6
a 3 24x10 © p
] ‘ L]
2 65 psi & inch
v
Axial Distance Axlal Distance
(b
=
S Axial Distance l
o Axial Distance i
15 Q v W
3 3] o
) . —
© 6E psi U f
o o
v A
-9
(c)
=
5]
) o
v D
3 7
a t
E 6E psi E
¥
Axial Distance Axial Distance

Figure 16. Pressure Deflection Plots and Mechanics of Separation
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pressure in’ the region of the ring has now become zero which signifies the
beginning of local separation. 1In practice, the pressure reduction in .the
region of the ring is accomplished by exciting the ring electrically. Let Vo
denote the voltage required to nullify the 65-psi pressure on the ring. wo
is the deflection corresponding to this pressure., Then if Q1 denotes the

deflection of the shell per volt,

Yo
v, = a (2-48)
From Ref. 5,
&R _Y,
R t 31
or
n-2R_Ry
v t 31

From Ref. 6,

d 171 x 10712 meters/volt = 0.673 x 1078 in. /volt

31

Therefore,
: R 15 _ 16
G=7d3 =52 %7

8

x 0.673 x 1070 ~ 5,05 x 1072 in. fvolt

v can be calculated for each ring by using Eq. (2-48) and Table II. The

results are summarized in Table III. The separation voltage is fairly constant

TABLE III
SEPARATION VOLTAGES

Separation 333 177 164 163 160
Voltage

except for the two extreme rings, This is based on a static analysis in which
the voltage is applied to rings one at a time. In practice, the voltage is
applied to more than one ring at a time as shown later in Part 3. This will
change the separation voltages. In general, the larger the width over which
the voltage is applied, the larger is the separation voltage. In the extreme

case, when the voltage is applied to the entire surface of the shell, the
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separation voltage is the largest, because the separation is required to occur
over the entire inner surface. This extreme voltage is approximately (24 x
10 ° inches) /(5.05 x 1078 inches/volt) = 475 volts., At the opposite extreme,
when the ring is very narrow, the separation is required over a very small
area and the corresponding voltage is also small. Uniform pressure distribu-

tions have been assumed in these calculations for simplicity,

The analysis of Part 2 was initiated with a view to extending it to cal-
culate the axial displacement of the piezoelectric shell. Since a simpler, but
no less useful,mathematical model was found, the extension of the analysis was
dispensed with, The new mathematical model is considered in Part 3, which

thoroughly explains the experimentally observed behavior of the actuator.

Part 3, Relative Axial Displacement

Between the Shaft and the Plezoelectric Cylinder

The axial displacement of the actuator shaft relative to the mounting
plate is caused by the axial displacement of the piezoelectric cylinder, which
is shrink-fitted on the shaft. The axial displacement of the cylinder is,
in general, not confined to the narrow ring to which the voltage is applied,
but takes place throughout the length of the cylinder, and depends on many
contributing factors. An analysis incorporating all the factors is highly
involved and prohibitively expensive. Therefore, only a simplified analysis
based on a number of assumptions has been attempted. The analysis directly
ignores (1) the dynamic nature of the problem, (2) anisotropy of the cylinder,
(3) damping and hysteresis, (4) fringing of the electric field, and (5) any
nonlinearity that may exist. It only indirectly considers the effect of
friction. Linear elastic equations are used. The shrink pressure between the
shaft and the cylinder is assumed to be uniform (see Part 1). The reduction
in this pressure caused by the application of voltage to any ring is also
assumed to be uniform and to be confined to a narrow band whose width equals
that of the ring (see Part 2), The shaft is assumed to be rigid in comparison
to the cylinder. This assumption has been verified by calculations (see
Part 1). The analysis is focused on the axial displacement of the middle
cross section of the cylinder relative to the shaft, which is assumed to be

grounded, and the mounting plate at the mid-cross section is set free to move
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axially. The analytical displacement of the mid-cross section is, therefore,

in a direction opposite to that in which the shaft would move if it were free

and the mounting plate were grounded.

o in
the figure do not represent any springs, but only simulate the axial displace-

The analytical model is shown in Figure 17. The compliances k, and k

ments of the two ends. The dotted line represents the stationary cross section
in the electrically excited ring which expands axially because of the piezo-

electric effect. The notation used in the analysis is as follows:

4 = length of the cylinder (in.)
R1 = 1inner radius of the cylinder (in.)
R2 = outer radius of the cylinder (in.)
x = axial coordinate (in.)
a = distance of the left edge of the electrically

excited ring from the left ‘end of the cylinder (in.)
b = distance of the right edge of the electrically

excited ring from the right end of the cylinder(in.)

= width of the electrically excited ring (in.)

d = distance of the stationary cross section

from the left end of the cylinder (in.)
dO = distance of the mid-cross section of the

ring from the left end of the cylinder (in.)
¢ = distance of the stationary cross section

from the left edge of the ring (in.)

kl,kz = equivalent compliances at the left and right

ends, respectively (in./1b.)
@ = coefficient of axial expansion due to

piezoelectric effect (in. /in. /volt)
V = voltage applied to the ring (volt)
E = average Young's modulus (psi)
A = area of cross section of the cylinder (in.2)
u = axial displacement (in.)
u = axial displacement at x = £/2 (in.)
A = total axlal expansion of the ring (in.)

§, = net axial displacement due to one complete pulse train (in.)
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Figure 17. Analytical Model for the Axial Displacement of
the Piezoelectric Cylinder
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f = factor defining the location of the
stationary cross section; lies in the
range: -1/2 s f < 1/2,
€ = axial strain (in. /in.)
n = coefficient that determines the concavity of
the compliances (k1 and k2) curves
P = effective axial compressive force on the

piezoelectric cylinder (1b.)

The axial expansion of a ring due to the application of voltage is not
free, but is restrained because of friction and continuity of the piezoelectric
material, This results in compression of the material and axial displacement
of varying magnitude everywhere. A typical linearized displacement curve may
be as shown in Figure 18. In terms of the effective axial compressive force
P, which is to be determined later, the unit strains in the ring and in the

parts of the cylinder to the left and to the right of the ring are as follows:

du  _ - -t i

ax - € = AR (contraction), 0 < x £ a

du P

cu _ = R : < < -
T € oV - 7= (expansion), a Sx Sa +c (3-1)
du P .

I = € = AR (contraction), a + ¢ s x £ £

Integration of Eq. (3-1) yields the following:

P
u = -3F X+ €, 0 <x<a (3~2)
u = aVx - 2 X+ C a<xs<a+c (3+3)
AE 2’
u = - E X+ c a+csSx x5 4 (3-4)
AE 3’
€ Cgs c3 and P can be evaluated by applying the boundary conditions and

conditions of continuous displacement.

At x =0, u

-klP; therefore, ¢, = -k P; therefore,

1

P
u=-3FX —klP, 0 sx<a (3+5)
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Figure 18. Typical Linearized Curve for the Axial Displacement
of the Cylinder
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At x = a, u in Eq. (3-3) equals u in Eq. (3=5); therefore

P P
aVa - AE a+c¢c, = - AE a - kIP

2
Therefore, cy = - k1P - aVa
Therefore,
P
u=av (x - a) - A X - klP, .,asxsSa+c (3-6)
At x = g4, u = k,P; therefore, ¢ = k,P + Pe therefore
’ 2 > 73 2 AE ° 2
P
u =y (£ -x) +k,P, a+csSxsg (3-7)

At x = a + c, u in Eq. (3-6) equals u in Eq. (3:7); therefore

av (a + ¢ - a) - i% (a +c) - kIP = f% (L -a-¢c¢) + kZP

or,
AE aVe

SR TN (3-8)

Eliminating P from Eqs. (3-5), (3-6) and (3-7) by using Eq. (3-8), we have

the following displacement equations.

0O <X < a:

c(x + AE k1)
L + AE (k1 + k2) (3-9)

u=-~-av

aggx «ga+ c:

w = oy [{(a+b)+AE(k1+kz)}x‘AEk1° - a (3-10)
4 + AE (k1 + kz)

a+csx s g:

c[(ﬁ;r X) + AEkz]
2 + AE (k1 + k2)

u =avVv (3-11)

Since u = o at x = d, we have, from Eq. (3-10),

[(a +b) + AE (k, + kz)] d - AE k¢
g + AE (k1 + kz)

- a=o,
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or,

ag + AE [(a + ¢) k1 + ak2]

d (a+ b) + AE (k;, + Ky
Therefore,
(a + AE k_)c
1
£ = d -a=

~ (a + b)) + AE (k1 + k

Special cases. --

(1)

Both ends are fixed.

+u

(2)

2)

Both ends are free.

(3-12)

(3?13)
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+u

ave/2

ave/?2

| . d

-u

(3) Left end fixed, right end free.

k:O’k = oo,

1 2
£ =o.
+u
a—-———lc"—b
aVe
0 i
U S ——
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(4)

(5)

Left end free, right end fixed.

o
I

1—co,k2=0.

aVc

b ————mm

-u

Left end fixed, right end partially fixed and partially free,
kl = 0, k2 = k = finite.

_ a
€=+ + AEk °

+u

e d e OVE b+AEk
ol £ + AEk
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(6) Left end partially fixed and partially free, right end fixed.

k1 = k = finite, k2 = 0,

PR . AEk c
" (a + b) + AEk

+u
bc
av£+AEk
d -l
Lo \
I o c(a + AEk)
av CAEk £ ; AEk
£L+AEk
a - C ja— b —
-u

(7) Both ends partially fixed and partially free.

k. and k, are both nonzero and finite. This is the most general

1 2
case.
cAEK1
= 0: = -V
* ) 4+ AE(k + k)
a + cAEk1
x =& Ya T e £ + AE(k, + k)
1 2
x = d: uy = 0
c(b + AEk,)
Xx =a+ c: u, = 2 av
b L+ AE(k1 + kz)
cAEk
X = g3 u = av 2
: r 2+ AE('k1 + k2)



+u

-u

Axial Expansion of the Electrically Excited Ring

w - u =o c[(a + b) + AE (k1 + kz)]
g+ AE(k1 + k

(3-14)
2)

Approximate Determination of d

Eq. (3-12) gives the location of the stationary cross section in the
exclted ring in terms of k1 and k2. These compliances are yet unknown and
can, in general, take any values. It is necessary to establish their useful
range of values pertinent to the problem under consideration. The approxi-

mate determination of d, undertaken here, is a first step toward this goal.
d depends on the position do of the excited ring, which is given by

d_=a+c/2. (3-15)
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Let d be assumed to be a linear function of do
d = Bl + BZ dOJ (3-16)
where Bl and BZ are constants, By symmetry,
d = g/2 at do = 2/2.

Therefore,

ﬁl = /2 - BZ 2.
Substitution for Bl in Eq. (3-16) yields

d=2/2 + B, (d_-£/2). (3-17)
Now introduce a parameter f such that

d = do + fc at do = c/2,

where the range of f should be -1/2 < £ < 1/2 in order that the stationary

cross section remain within the excited ring. Then from Eq. (3-17)
32 =1 + 2fc/(c-3).

Substitute this expression for B, into Eq. (3-17). Then
2

4y 14 2fc” (d_-2/2). (3-18a)

d = oyl

Thus d is obtained in terms of the parameter f whose range of values is known,

Knowing d Eq. (3-12) can be used in the determination k1 and k2.

It may be noted that, if d is taken as a parabolic function of d such as

2
d‘B3+84doy

the same reasoning as above will give

2
_ 4, 2[g-(26)c) 2 4 )
d=%4 72 a” L. (3-18b)
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Approximate Determination of k. and k2

1

c/2 2/2 4-c/2

d0 = a+c/f2
Like d, k1 and k2 also depend on the position do of the excited ring.

Let k1 be assumed to be a second-degree function of do’ given by

dozj . (3-19)

ky = [h +2y d, 42y AR

where kl’ hz, and A, will be determined in terms of the known parameter £ and

3
a new parameter n, The concavity of the compliance curve depends on n. For

example, if n = % , the curve is a straight line. If n > % , the curvature is

downward and, if n <-% , the curvature is upward. The quantity m in the figure

will also be obtalned in terms of £ and n.

By symmetry of k1 and k, with respect to do = 4/2, if kl = g(do)’ then

kz = g(z-do) where g denotes a function. Therefore, by Eq. (3-19),

k, = Dxl +8, (2-4 ) + 2, (z-do)zj fE— (3-20)

and A, in terms of m and n and
2’ 3

m in terms of £ and n, so that kl and k2 are eventually known in terms of

Let us now proceed to determine *1’ A

f and n.
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When an end ring is excited, the axial displacement of the other end is

negligible provided that the cylinder is not short. Consequently, we may take

k., =0atd = g-c/2.
1 o

Therefore, from Eq. (3-19)

Ny Ay (Bmef2) + 0y (g-e/2)? = 0 (3.a)
Also,
k, = %é at d_ = c/2.

Therefore, by Eq. (3-19)

kl + xz c/2 + AS ¢ /4 =m (3.b)
And,
k, =nZE atd = g/2.
So, Eq. (3-19) gives
Ay H A, B2+ A z2/4 = nm, (3.¢)
17 %2 3

Solve Egqs. (3.a), (3.b), and (3.c) simultameously for *1’ xz, and L3.

_ £8-¢/2)(4-2nc)

A

1 (4-c)?
c+(4n-3) 4
}\_2= 7 m
(£-c)
2(1-2n)
k3 = 2 .
(4-c)
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Upon substitution of these expressions for A's, Eqs. (3-19) and (3-20) become

kl = [(z-c/2)(z-2nc) + [c+(4n-3)£]d°

+ 2(1-2n)a 2 | AAE_ 4
o 2
(2-c)

k, = [[L-4n(£-c/2)] c/2 + [(4n-1)g-c] d_

+ 2(1-2n) doz] zilé?f m
£-c

It now remains to obtain m in terms of £ and n. Eliminate kl

(3-21)

(3-22)

and k2

from Eq. (3-12) by using Eqs. (3-21) and (3-22) and solve the resulting equa-

tion for m.

(a+b)d+ _Eﬁﬂ_i [£2+2nc(c-2£) + 4(1—2n)do(do-z)]
(2-c)

= agy Db

- [ a [zz+2nc(c-zz) + 4(1-2n)d (d -z)]
(&-c) °°

+ c {(z-clz)(z-ch) + [e+(4n-3) 27 do

+ 2(1-2n)d°2}]

i [(a+b)d-ag])(s-c)2/2
[ (a-d)[ 4" +2nc(c-24) + 4(1-2n)d_(d_-2)]

Therefore,

+ e[ (2-c/2)(£-2nc) +{c + (4n-3)z}d°+2(1-2n)d°2]

(3-23)
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Since, by Eq. (3-18), d depends on f, m is obtainable in terms of f and n,

Therefore kl and k2

parameters £ and n. f controls the location of the stationary cross section

in Eqs, (3-19) and (3-20) are obtainable in terms of the

in the excited ring and falls in the range -1/2 < £ < 1/2. The curvature of
the compliance curves given by Eqs. (3-19) and (3-20) depends on n. These
curves are straight lines if n = 1/2. The useful range of n may approximately

be taken as 0.2 < n < 0.8.

The equations of the foregoing analysis will be used later for numerical
calculations. Before making the numerical calculations, we shall attempt to

explain some important features of the actuator motion.

A Qualitative Discussion of Actuator Motion

The piezoelectric cylinder has 10 conducting rings, 5 on either side of
the mounting plate which is in the middie. When voltage is applied to any

ring, for example No. 4, the material moves away on both sides from a sta-

2
tionary cross section in the ring. The displacements uy, and u of the left
and right ends of the cylinder depend, among other things, on the distances
of the two ends from the excited ring. The larger this distance is, the

smaller is the end displacement, The displacement of the mid-cross section

is denoted by u -

Let u g denote the axial displacement of the mid-~cross section due to
the excitation of the i th ring. On this basis, the displacement in Figure
18 is uose By symmetry, the following relations hold in the static case for
a given voltage.

Une = 7 (Ups) A

Uz = 7 ()

We = - (u) > (3-24)
Ung =~ (Ypp)

Ymio =~ () J




These relations will be applied to calculate at any instant the axial dis-
placement § of the mid-cross section due to the applied electric pulse train
which is as shown in Figure 19, Pulse in each ring acts for a time interval

2 A t, When the (1 + 1)th ring is excited, the pulse on the (i - 1)th fing

is taken off. The displacement of the mid-cross section, due to the expansion
of a ring that is being excited, will be identified with a positive sign in
front of it and, that due to the contraction of a ring on which the voltage

is being taken off, will be identified with a negative sign in front. At any
instant, the voltage acts on two adjacent rings, the overlap being on time
interval A t. This includes rings 5 and 6 and rings 10 and 1. Table IV

gives the construction of the axial displacement § of the mid-cross section

of the cylinder as a function of time for the pulse trains of Figure 18.

§' is the displacement just before and § is the displacement just after the
indicated time. Eq, (3-24) has been used in this construction. Reversing

the sign of @& gives the displacement of the actuator shaft relative to the
mounting plate. A plot of the shaft displacement based on Table IV is given
in Figure 20(a). This plot clearly explains the main features of the actuator
motion, in particular, the jumps occurring in the motion when the electric

pulse crosses over from the left side of the mounting plate to the right,

Calculations of Table IV can be generalized for an actuator of N rings

as follows. For any location along the axial direction, the axial displace-

ment is
5 = ug +ug at t/At = T + i s
for i =1, 2, ....., N-1;
(3-25)
6 = g +u)-N at t/At = (THL)N ,

for i = N,

vhere N = 0,1,2,3,4,5, ....., and u, denotes the axlal displacement at the
given location due to the excitation of the ith ring.
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Figure 19, Electric Pulse Trains in the Actuator
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AXTAI, DISPLACEMENT OF THE MID-CROSS SECTION OF THE CYLINDER

TABLE IV

e | ¢ - 5

o o U

At Yml 8+ Yn2 T %mt T Um2
2 At gt U, &' + LI R L
3 & Ym2 * Un3 8" + Yma T Ym2 T Vm3 * Yng
4 ae Ym3 T U 8" + 05 T “n3 T Yms ¥ Pms
> ot Yms M Y5 8+ Un6 T Yma T Yms U6 T 0
6 At 0 8t + Yn7 ” Vms -(uml; + umS)
7 ae (U ¥ ) 8+ upg - g = ~(upg ¥ ug,)
8 At (o e 8 ug T Uy = Cuy )
2 at Slugy tugy) 8' + Ui T Ung T "(¥np * Uno)
10 At _(uml M umZ) 8t + Yal ~ Ymo ~(um2 * um9) =0
1 ac 8t + Un2 ~ Ymlo Yl ")
12 Ac “m1 T Ym2 8+ Ym3 T Vml Ym2 N Ym3
13 At Ym2 + Y3 8" + Yms T %m2 T Ym3 * Vg
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Based on Eqs. (3-25), Figure 20(b) shows the displacement profile of
the ten ring actuator when the mounting plate is located at the right end

of the cylinder.

Let us now return to Figure 20(a). This figure gives only the oscillatory
part of the axial displacement. The net displacement of the oscillatory part
for one complete pulse train is zero. We shall superpose the ideal displace-
ment profile on the oscillatory profile to obtain the actual (resultant)
profile. The ideal profile for one complete pulse train is shown in Figure
21(a). There is no motion until the pulse crosses the location of the mount-
ing plate. When the pulse crossover occurs, the ideal displacement takes
place in two steps of approximately equal magnitudes A'. We shall assume A'
to be of such a magnitude that the sum of A' and Ium4 + umSI equals A as
shown in Figure 21, where A is the axial expansion of the excited ring 6 as
given by Eq. (3-14). The net axial displacement 50 of the actuator due to

one complete pulse train is given by
5, = 2[a - Ium4 + um5[j. (3-26)

Correlation Between Analysis and Experiment

The equations of the analysis developed earlier can be used to calculate
the axial displacement profile of the actuator. We shall here discuss how to
make calculations for the ten-ring actuator given the following data.

s R1 =~ 7/16 in., ' R2 =~ 1/2 in.
c >0.077 in,, E=~@8.1x 106 psi, V = 250 volts
f = 0.40, n = 0.50

£ =1 in.

A= (R22-R12) = x [(1/2)2-(7/16)%] = 0.1841 in?

From Ref. 5,

At Vdy,
£ t
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Axial Displacement
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Figure 20.
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Therefore, @ = U=t "E-R

- From page 45,

d31 = 0.673 x 10-8 in./volt; therefore,

0.673x10" %

-6
o = 1716 = 0.1086 x 10 = (in./in.)/volt.

It is required to calculate the axial displacement u of the middle
cross section due to the excitation of ten rings taken one by one
(i=12, ..... , 9, 10). By virtue of Egs. (3-24), we need to make calcu-
lations for the first five rings only (1 = 1,2,3,4,5). The calculation may

be carried out in the following order for any value of 1.

(1) a = (i-1l)xc in Figure 17

(2) b = £- (at+c) from Figure 17

(3) do from Eq. (3-15)

(4) d from Eq. (3-18a) or Eq. (3-18b)

(5) m from Eq. (3-23)

(6) kl and k2 from Eqs. (3-21) and (3-22), respectively
(7) u g from Eq. (3-11) for x = g/2

(Note that this equation is used because a+c < £/2
for i = 1,2,3,4,5.)
(8) Use Table IV or Eqs. (3-24) and (3-25) to construct the
the oscillatory profile of Figure 21(b)
9) A from Eq. (3-14)
(10) Construct the resultant profile of Figure 21(c)

Figure 22 compares the experimental and analytical displacement profiles
for which the above procedure and numerical data were used in the computer-
based calculations. The experimental profile clearly shows the dynamic nature
of loading in the form of peaks soon after initiation of each pulse., These
peaks are quite prominent when the electric pulse crosses over from one side of
the mounting plate to the other. On the whole, the agreement between the two

profiles is good.
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ACTUATOR TESTS

Various tests were performed on the actuators., All of the results,
along with samples of the gathered data,are included herein. To insure that
the data obtained on actuator performance are traceable to a fixed standard, it
was decided to calibrate the Brown & Sharpe electronic dial indicator
against an interferometer using the wavelength of light as a reference

standard.
Brown & Sharpe Calibration

The measurement and evaluation of the performance characteristics of
the peristaltic actuator require the ability to measure and record linear
displacements in the range from one-tenth of one-millionth of an inch to
several tens of millionths of an inch. The basic instrument we have used to
fulfill this requirement is the Brown & Sharpe Electronic Indicator,

Model 991,with gage head Model 981. This instrument has four ranges of
sensitivity varying from plus-and-minus one-thousandth of an inch full scale
to one-millionth of an inch least scale division. This instrument also has
analog voltage output proportional to measured displacement capability,
which allows the recording of the measured displacements on & standard chart

recorder.

Logically, the calibration of the electronic indicator was a prime

task to be accomplished. Two techniques were used to calibrate the indicator.

The first technique utilized a differential micrometer, Model No. DS505,
manufactured by the Starrett Company and distributed by the Lansing Research
Corporation. . This micrometer produces an axial motion of one and one-
quarter thousandths of an inch per revolution of the thimble, Each division
around the thimble is therefore fifty millionths of an inch and each vernier
division is equal to five millionths of an inch. Two electronic indicators
were calibrated by the above method. The results of these calibrations are

given in Table V.,
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TABLE V

CALIBRATION RESULTS

Unit Scale Indicated Travel Micrometer Travel Correction Factor
(inch) (inch) (inch)
1 +0.001 0.002 0.00213 1.07
1 +0,0003 0.0006 0.000615 1.03
1 *0.0001 0.0002 0.000225 1.13
1 +0.00003 0.00006 0.000070 1.17
2 +0.001 0.002 0.00186 0.93
2 £0.0003 0.0006 0.00053 0.89
2 +0.0001 0.0002 0.000207 1.03
2 +0.00003 0.00006 0.000062 1.03

The data in Table V indicate an observed maximum error of 17 percent
and an average error of approximately 10 percent, Unit two was selected for
subsequent use. The second technique utilized the existing peristaltic
actuator to generate controlled motions on the millionth of an inch scale.
These motions were measured simultaneously be the Brown & Sharpe electronic
indicator and a laser-illuminated interferometer. The layout used is shown

in Figures 23 and 24.

The laser used was a Perkin-Elmer Model 5000 with beam expander,
°
nperating at 6328A., A sample of the data obtained is shown in Figure 25.

Analyzing this data gives the'following results:

Forward direction: five fringes on the interferometer equals 62.5 x

10-6 inches and measures 55.2 x 10-6 inches on the Brown & Sharpe indicator.

Correction factor is 1.13
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Figure 24

Photograph

of Actuator Calibration Setup
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Reverse direction: four and one-half fringes on the interferometer
equals 56.3 x 10“6 inches and measures 52.8 x 10-6 inches on the Brown

& Sharpe indicator. Correction factor is 1,07.

Therefore the average error on the *30 x 10-6 inch scale for the unit so tested

is 10%.
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Test Results

The following mounting configurations and measuring locations were utilized.
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Actuator: Ten Electrode - Shallow Groove

Data: Motion as a Function of Measuring Location

Mounting Configuration: A

Data Point: Variable

Drive Voltage: 250 Volts

Bias Voltage: O Veolts

Roll and Section Number: 0371 - 133 - Data Points 1 - 8
0371 - 134 - Data Points 9 - 13

Purpose: To Demonstrate Step Shape is not a Function of Measuring
Position on Shaft
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Actuator: Ten Electrode - Shallow Groove

Data: Motion as a Function of Measuring Location
Mounting Configuration: B

Data Point: Variable

Drive Voltage: 250 Volts

Bias Voltage: O Volts

Roll and Section Number: 0371 ~ 136A - Data Points 1 to 4

Purpose: To Demonstrate that Interchaning Mounting Location does not
effect the Actuator Output
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Actuator: Ten Electrode - Shallow Groove

Data: Motion as a Function of Measuring Location
Mounting Configuration: C

Data Point: Variable

Drive Voltage: 250 Volts

Bias Voltage: O Volts

Roll and Section Number: 0371 - 137A - Data Points 1 to 5

Purpose: To Demonstrate the Necessity of Rigidly Mounting the Actuator
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Actuator: Ten Electrode - Shallow Groove

Data: Step Size as a Function of Drive Voltage
Mounting Configuration: A

Data Point: 6

Drive Voltage: Variable

Bias Voltage: O Volts

Roll and Section Number: 0371-139

Purpose: To Demonstrate that Decreasing Voltage Decreases
Actuator Step Size

Drive Voltage: 300 Volts

Drive Voltage: 275 Volts
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Actuator: Ten Electrode - Shallow Groove

Data: Step Size as a Function of Bias Voltage

- = Increase Interference
+ = Decrease Interference

Mounting Configuration: A

Data Point: 6 _

Drive Voltage: 300 Volts

Bias Voltage: Variable

Roll and Section Number: 0371-139

Purpose: To Demonstrate that the Interference Fit Affects
Actuator Step Size
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Actuator: Ten Electrode - Shallow Groove

Data: Step Size as a Function of Axial Load

Mounting Configuration: A

Data Point: 6

Drive Voltage: 300 Volts

Bias Voltage: ~100 Volts

Roll and Section Number: 0371 - 140 - Load Up To 688 Grams

0115 - 131 - Load 800 and 1,000 Grams

Purpose: To Demonstrate that the Actuator Could Work Against
at Least a 1000-gram Load

Axial Load: O Grams

Axial Load: 115 Grams



Axial Load: 230 Grams

Axial Load: 345 Grams

Axial Load: 458 Grams
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Axial Load: 573 Grams

Axial Load: 688 Grams
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Actuator: Ten Electrode - Shallow Groove

Data: Step Size as a Function of Transverse Loéd
Mounting Configuration: A

Data Point: 6

Drive Voltage: 250 Volts

Bias Voltage: O Volts

Roll and Section Number: 0371-141

Purpose: To Demonstrate that Loads up to 1000 grams Applied Perpendicularly
to the Direction of Travel Have Negligible Effect on Performance.
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Actuator: Ten Electrode - Shallow Groove

Data: Step Size as a Function of Stepping Rate

Mounting Configuration: A

Data Point: 6

Drive Voltage: +300 Volts

Bias Voltage: +100 vVolts

Roll and Section Number: 0371-125

Purpose: To Demsonstrate the Correlation Between Frequency of

Applied Voltage (Step Rate) and Step Size
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Ten Electrode - Deep Groove

Actuator:

Motion as a Function of Measuring Location

Data:

B

Mounting Configuration

Variable

Data Point:

400 Volts
0 Volts

Drive Voltage:

Bias Voltage

0371-144

Roll and Section Number:

To Demonstrate the Step Shape of the Deep Groove

Purpose:

Configuration
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- Deep Groove

Ten Electrode

Actuator:

Motion as a Function of Measuring Location

Data:

C

Mounting Configuration:

Variable

Data Point:

400 Volts

Drive Voltage:

S‘

0 Volt

Bias Voltage:

- 145A

0371
To Demonstrate the Necessity of Rigidly Mounting

Roll and Section Number:

Purpose:

the Actuatorx

Data Point 1

Data Point 2
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Actuator: Ten Electrode - Deep Groove

Data: Step Size as a Function of Drive Voltage
Mounting Configuration: B

Data Point: 4

Drive Voltage: Variable

Bias Voltage: 0 Volts

Roll and Section Number: 0371-144

Purpose: To Demonstrate How the Step Size Decrease with

Decreasing Voltage
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Actuator: Sixteen Electrode - Shallow Groove

Data: Step Size as a Function of Bias Voltage

Mounting Configuration: B

Data Point: 4

Drive Voltage: 400 volts

Bias Voltage: Variable

Roll and Section Number: 2294 - 104 - Data Points 1 - 5

Purpose: To Demonstrate Actuator Motion as a Function of Bias
Voltage Noting that Reducing the Interference Fit Changes

Actuator Motion
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+100 Volts

Bias Voltage
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Actuator: Sixteen Electrode - Shallow Groove
Data: Step Size as a Function of Drive Voltage
. Mounting Configuration: B

Data Point: 4

Drive Voltage: Variable

Bias Voltage: -200 Volts

Roll and Section Number: 2294 - 105A

Purpose: To Demonstrate Actuator Motion

at Various Voltage Levels
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Actuator: Sixteen Electrode - Shallow Groove

Data: Step Size as a Function of Stepping Rate

Mounting Configuration: B

Data Point: 4

Drive Voltage: 450 Volts

Bias Voltage: 200 Volts

Roll and Section Number: 2294 - 105B - Data Points 1 - 4
Purpose; To Demonstrate that Step Size Decreases as Stepping

Rate Increases
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Step Rate: 1 step/second
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CONCLUSIONS

The Perkin-Elmer Corporation has successfully advanced the state of
actuator technology and, as a result, produced working peristaltic microinch
actuators. The actuators consistently work against a 1000-gram load in steps
of A/50 and, under no load, in steps of A/25. The other various design goals
such as frequency response, no-voltage load holding capability, reversible
motion, low power consumption, and the ability to operate in a space environ-

ment have all been achieved.

The analytical work performed closely represents the experimental results.
The progress made so far has shown that, even though a good level of success

has been achieved, there still remain some unanswered questions.

Questions concerning the basic nature of the device are very pertinent.
Variation in items such as surface finish, interference fit, and step shape
are of concern. How do these parameters, varied singularly or in combination,

affect overall performance of the actuator?

Questions concerning step size are of importance. Optical systems opera-
ting in the ultraviolet region require an actuator stepping performance of at
least five times better than that already achieved. At the present time, it
is felt that sufficient questions exist to warrant further study on advanced

actuators,
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APPENDIX A
ADVANCED ACTUATOR ELECTRONIC DRIVE SYSTEM OPERATIONS PROCEDURE

The actuator electronic drive system is contained in a single package re-
quiring only the addition of a high voltage power supply for operation. The
system acts as an electronic switch between the high voltage power supply and
the electrodes of the actuator. Power for the internal operation of the device
is provided by self-contained power supplies energized by a line cord for conm-

nection to 110-volt, 60-Hz lines.

The front panel carries the system controls and indicator lights., The in-
dicator light at the lower left indicates when the system is connected to the
110-volt lines ard turned on. Immediately to the right of the light is the
POWER ON-OFF switch, serving its indicated function.

Across the upper portion of the front panel are 16 indicator lights. These
lights are connected in such a manner as to indicate the presence of voltage
applied to the corresponding electrode on the actuator. As the indicator lamps
have a minimum operating voltage, their operation may not be reliable at voltage

levels below about 150 -rolts.

The remaining five controls on the front panel affect the operation of the

actuator in the following ways:

The ACTUATOR RINGS switch selects the appropriate electronic output for

use with actuators utilizing either 10 or 16 electrodes as marked.

The RISE TIME switch allows two modes of operation, one with a relatively
slow outpué voltage waveform rise time and, hence, a reduced maximum stepping
rate, and a second setting with a relatively fast rise-time allowing the higher
step-rates to be satisfactorily produced. In the slow setting, up to 100 steps
per second are available. In the fast setting, up to 1000 steps per second are
available., In the fast setting the electronic system draws considerably more
current from the high voltage power supply and this must be taken into account

to prevent overloading of the power supply.



The use and effect of the FORWARD-OFF-REVERSE switch is self explanatory.
It controls the direction of propagation of the pulse train along the actuator
length and, therefore, the direction of the produced step motion.

The stepping rate is controlled by two STEP/SEC controls. The first is the
COARSE control, a four-position rotary switch that gives stepping rates as
labeled. These stepping rates are produced with the FINE rate control in the
full clockwise position. The FINE rate control is a variable control that can
slow the stepping rate by as much as a factor of 10. This control arrangement
gives a continuously variable stepping rate ranging from 1/10 step per second
up to 1000 steps per second. The electronic system is so designed that the
stepping rate is independent of whether a 10-electrode or l6-electrode actuator

is being operated.

The rear panel carries the 110-volt ac line cord 1/2-ampere fuse, actuator
cable connector, and three binding posts. The three binding posts are stacked
vertically, with the upper post comnected to the shaft of the actuator, the
center post to the system ground, and the lower post to the input conmection for
the high voltage power supply. This power supply is connected between the center

and lower binding posts with the positive polarity connected to the lower post.

If the actuator is to be operated with no bias voltage applied to the de-
vice, the upper binding post is comnected to the center binding post. This
electrically grounds the actuator shaft. If it is desired to operate the actua-
tor with a bias, an additional high voltage power supply 1s connected between
the upper two binding posts. The polarity commected to the upper binding post
will be the polarity of the shaft relative to the electrodes. If the upper post
is made negative, the crystal will expand and the interference fit will be re-

duced. The converse is true if the upper post is made positive.

The connector for the cable between the electronic drive system and the
actuator has each pin numbered. Those numbered 1 through 16 are used for the
connections to the actuator electrodes. The number of the pin corresponds to
the number of the front panel indicator light, counting from the left end, and
the number of the electrode on the actuator in progression from ome end to the

other. Pin number 17 is used for the return connection from the actuator shaft,
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