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1. INTRODUCTION

Stacks are one of the most commonly used form of piezoelectric actuation; unfortunately,
they provide small displacements and as the stroke requirement grows so does the length of the
stack. For many applications with small volume sizes, stacks are not viable due to their
packaging size and if too long can pose a buckling risk. Fortunately, while many of these
applications require more stroke, typically factor of 2 to 15 more than a stack, the force
requirement is typically less than that generated by a stack, leaving room for amplification
techniques. While there are several external techniques, they experience severe losses>>>404245
leading to a great reduction in work efficiency.’

The goal of this research effort was to develop a family of high authority actuators ranging in
size from the submillimeter scale, for embedment in composite structures, to discrete actuators
up to the centimeter scale, that could provide modest stroke amplification (2 to 15 times) in a
compact package with minimal force reduction. A solid state, monolithic piezoelectric actuation
architecture was developed that internally leverages the piezoelectric strain by a series of
cascading shells uniquely connected by end caps such that the shells “telescope™ out when
activated. The tailorability of the displacement output of this actuator design permits much more
efficient coupling of the actuator output into a loading profile of similar impedance and thereby
much greater effective actuator output.

This research consisted of the four specific tasks: 1) Manufacturing development and process
modeling, 2) Actuator performance modeling, 3) Experimental component testing and 4)
Performance analysis and evaluation. In this report, the methodologies employed and the results
obtained are summarized for each of these tasks, for more detailed development the reader is
referred to the papers in Appendix B.

2. TELESCOPIC DESIGN AND OPERATION

Conceptually, the telescopic leveraging scheme has concentric embedded piezoelectric shells
that are connected at altering ends to affect a telescoping motion in a densely packed volume, as
shown in Figure 1. The shells can have any cross section, but it is assumed that the cross section
remains constant throughout the actuator’s length, is of a shape that can be embedded within the
previous shell, and has a constant wall thickness. The telescopic actuator can be built in a
monolithic configuration, or individual shells can be connected with discrete end caps. The
number, length, and cross-sectional area of the cascaded shells can be varied to meet the force
and deflection requirements for a given application. The telescopic actuator internal leveraging
scheme can be applied to either ds; or ds3 actuator configurations; however there are slight
variations in layup, poling and excitation methods (Figure 2).

The d3; telescopic actuator is a series of concentric, radially poled piezoceramic shells
connected on alternating ends. The useful force and deflection of the actuator is in the axial
direction of the shells. The actuator is electroded such that each shell is driven with a radial
potential opposite to the radial potential of its neighboring shells. This electroding pattern causes
each shell to expand (contract) while its neighboring shells contract (expand), and the activated
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shell 2 [AZ%, L, t°, (Y;), (d3))2, (Es)2]
shell -1 [Ant’, Lot, tar’, (V)a1, (da)at, (Es)aa] ~
shell n [A.5, Ly, t°, (Y (d3j)a, (Es)al

Cross-section Force Output

T
i
e

? Deflection
}.. -

_

shell 1 [Axs, L)s, tls, (Yjs)b (d3j)19 (E3)1] J

end cap 1 [k°, t,° Y] ——
end cap n-1 [kn_lc, tn_lc, Yn_lc] ——

Figure 1: General telescopic actuation architecture

actuator “telescopes” out. The total deflection of the actuator becomes the sum of the deflections
of the individual shells as depicted in Figure 3 for a three circular cylinder ds; telescopic actuator.

The di3 telescopic actuator operates in the exact same manner as the d5; actuator except that
the shells are ring stacks axially poled and activated through their length (Figure 3b). This
allows the shells in the ds; actuator to expand and contract in the ds; piezoelectric mode of
actuation, where successive shells are activated oppositely, similar to the ds; actuator, generating

+V— o

f;‘r“'w‘ e T |

a) d;; mode of activation b) d3; mode of activation
Shells — monolithic piezoceramic tubes Shells — tubes of layered piezoceramic annuli

Figure 2: Telescopic architecture actuation modes
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Expansion of Cylinder 1 -+
Contraction of Cylinder 2 +
Expansion of Cylinder 3

| Cylinder 1
i1 Cylinder 2
[ ] cylinder3
I EndcCap!
- End Cap 2

Contraction of Cylinder 2 +
, Expansion of Cylinder 3

Section Before Activation | Section After Activation
a) actuator section b) solid model

Figure 3: Operation of a ds; telescopic actuator

the telescopic leveraging effect. The ds3 mode of actuation produces approximately 2.2 times the
deflection of the d3; mode because of the higher piezoelectric coefficient in the poling direction
and enables constant field aetivation with variable eross-sectional area for a maximum force.

The disadvantage is the manufacturing process is more complex with the introduction of more
loss mechanisms. It should be noted that either amplification, da; or ds;, does come at the
sacrifice of force, but the level of force is still high, order of magnitude of a stack versus a
bender. The main advantage is by nesting the shells, the length of the actuator can be decreased
by the multiple of shells resulting in smaller packages with reduced buckling risks.

3. MANUFACTURING DEVELOPMENT
AND PROCESS MODELING

The first task pursued in this research was development of new manufacturing processes to
physically realize a generic monolithic telescopic actuator, primarily at the mesoscale
(centimeters) but also at the submillimeter scale. For the mesoscale, the fabrication of
piezoceramic actuators has historically depended on the assembly of simple discrete components
to construct actuators capable of amplifying the limited strain produced by the material. For
example, stacks are composed of multiple, thin layers of piezoceramic, each individually
electroded and then bonded together. Benders are composed of two or more layers of
piezoceramic bonded together or with an inactive substrate. Fortunately, piezoceramic
processing technology has made great strides in the last few years. For example, stacks can now
be co-fired;? benders can be made using rainbow? or thunder technology® or functionally gradient
materials.”” Very complex shapes can be fabricated using solid freeform fabrication® or
injection molding.” Even micro actuators with very large aspect ratios can be fabricated using
microfabrication by coextrusion.!® These advances in processing technology open the door for
actuator designers since they are no longer restricted to simple geometric shapes.

In particular, the telescopic actuation architecture has benefited from these advances.
Although it is possible to construct a telescopic actuator by connecting individual tubes with
discrete end-caps (as discussed later in the section Conventional Assembly), current processing
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technologies make it feasible to construct a monolithic structure. Obviously, there are
advantages to utilizing these solid-state processing techniques, such as decreased production
time, reduced number of components and elimination of losses in discrete end-caps and bonding
layers. Though the advantages of the telescopic architecture can be reaped in both the ds3 and ds;
modes of activation, all the actuators discussed in this report utilize the d3; mode of actuation.
Through this research, two novel fabrication processes were developed for the construction of
very complex ceramic telescopic structures: acrylate polymerization and injection molding.
These were compared to a baseline actuator built from discrete tubes and end caps utilizing the
conventional assembly method. A detailed description of the processes summarized below are
provided in references.'!"'*

3.1. ACRYLATE POLYMERIZATION

Polymerization is novel technique that can be employed for fabrication of complex ceramic
shapes by the casting of, or solid freeform fabrication of, a polymerized ceramic slurry.> Most
of the research into this polymerizing grocedure has been focused on aqueous polymerization
where the solvent utilized is water.'®'® Aqueous polymerization produces a green body that is
relatively soft and fragile, which leads to problems removing the structure from a mold prior to
the drying process. A process which uses a nonaqueous slurry was developed through this
research that will produce a green ceramic body that is much more durable, thus facilitating the
demolding procedure. This makes it optimal for rapid production of one of a kind, large
complex ceramic structures, such as the telescopic actuator.

The proper slurry composition is crucial to this fabrication process. The slurry’s main
ingredient is PZT 856 powder, obtained from American Piezo Ceramics, Inc. (similar to PZT
5A) with a median particle size of 1.1 pm. This powder is mixed with the difunctional monomer
propoxylated neopentyl gycol diacrylate (PNPDGA, Sartomer) and the monofunctional
monomer 2-(2-ethoxyethoxy) ethyl acrylate esters (EOEOEA, Sartomer). The system solvent,
decahydronaphthalene (decalin, Avocado), was also added to the mixture, as was the dispersant,
1 wt% Emcol CC-55 (Witco Corp.), which ensures the PZT powder remains in solution. The
resulting slurry has a high solid load of 51 vol% PZT, but is fluid enough to easily fill a mold.
Polymerization of the acrylate monomers is initiated with 0.1 wt% Benzoyl peroxide (BPO,
Aldrich) and 0.025 wt% N,N-dimethyl-p-toluidine (DMPT, Aldrich) is added as a catalyst to

lower the curing temperature.

This slurry remains workable for approximately ten minutes, during which time the casting
process must be completed (Figure 4). In this case, the slurry was simply poured into a mold and
allowed to cure at room temperature. The molds used to fabricate the telescopic actuator
prototype were made from an epoxy resin utilizing a stereolithography technique. A computer
designed two-piece mold was created, which produced a 75 mm tall, three tube, cylindrical
telescopic actuator with 1.5 mm wall thickness. To facilitate demolding, the SLA molds were
polished and lubricated prior to use. After the curing process was completed, the green ceramic
actuator was carefully removed from the mold. The use of a nonaqueous slurry facilitates the
removal process. The polyacrylate binder is removed by slowly heating in air. After polymer
burnout, the actuator is still relatively fragile and the individual grains of the PZT must be
sintered together to impart structural rigidity. The part is heated up to 1275° C where it is
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sintered for 4 hours in a PbO rich atmosphere. The actuator is finished by applying silver paint
for electrodes and poling it at 2000 V in a 160° C silicone oil bath.

Several very tall, between 5 and 10 cm, monolithic telescopic actuator were successfully
fabricated with this process, an example shown in Figure 5. While the overall shape of the
actuators produced did display variations along the length with some mild warping and micro-
cracking at the ends, most of these resulted from initial trial errors in the SLA mold, all of which
can be corrected upon further refinement of this new process. This fabrication procedure
produced PZT of high quality. The material showed a large amount of densification, as
illustrated in the micrograph of Figure 6. The density was greater than 98% of the theoretical.
This compares favorably with commercially fabricated PZT whose densities are around 95-96%
of theoretical. The piezoelectric properties were also higher than expected, yielding ds; values of
680 pm/V as opposed to the expected value of 590 pm/V for PZT856.

Mold Building

Epoxy Mold

Casting

Thermal Cure

PZT Green Body

Demolding

Sintering and Post Processing

Sintcring

PZT Actuator

Figure 4: Schematic of acrylate polymerization process
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5.1 mm

1.2 mm
.. )¢ (all tubes)

I IR

o/

8 70.1 mm

0.44 mm (base bonding layer)
Figure 5: Acrylate polymerized prototype Figure 6: Polymerized PZT856 micrograph

3.2. INJECTION MOLDING

Injection molding is widely used in the plastics industry as a means for rapid mass
production of complex shapes at low cost. It has been adapted for the fabrication of net shape
piezoceramic actuators to provide several advantages over conventional fabrication techniques,
including: high production rate, uniform part dimensions, uniform piezoelectric properties, and
reduced fabrication and assembly costs. Ceramics injection molding was recently demonstrated
as a low cost method for fabricating and simultaneously aligning thousands of identical PZT rods
to produce highly repeatable, low-cost 1-3 piezocomposites for medical imaging and Navy
undersea applications.’® It has now been adapted for the fabrication of telescoping tube actuators
that are difficult to produce by conventional techniques, such as isostatic pressing, machining, or
slip casting."”

The basic injection molding process used by Materials Systems Inc. (MSI) for PZT
transducer fabrication is shown schematically in Figure 7."> Materials Systems’ injection
molding process utilizes a heated thermoplastic mix of PZT powder and a wax-based binder.

The binder in the mixture acts as a carrier during molding, allowing the material to be transferred
as a viscous fluid when subjected to heat and pressure. The hot thermoplastic mixture of ceramic
powder and organic binder is forced into a cooled mold creating a net shape green part. The
molded part is subsequently heated slowly in air to remove the organic binder. The PZT shape is
then sintered at 1250° C for 1 hour, under controlled atmospheric conditions to achieve the
desired piezoelectric properties.

Figure 8 is an example of a telescopic actuator consisting of five nested ceramic tubes with
integrated monolithic end caps. By designing the mold cavity to achieve the final actuator
dimensions (18.5 mm O.D. x 25 mm overall length), no further assembly or machining is
required. Each sintered part is subsequently contact poled in five steps (one tube at a time) using
a field of 1.2 kV/mm through the wall thickness to achieve a positive polarity on the inner
diameter of each tube. After poling, a permanent nickel electrode is applied to all surfaces except
the bottom of the outer ring and wires are attached to the two resulting electrodes. This
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Figure 7: Schematic of injection molding process

arrangement reverses the electric field that is applied to the second and fourth tubes, causing the
structure to “telescope” during actuation.

MSI formulates its own piezoelectric compositions for enhanced piezoelectric performance,
and the injection molding and proprietary sintering processes ensures a uniform and defect-free
microstructure (Figure 9). Because the process utilizes a liquid feed stock injected under high
pressure, the macroscopic voids often associated with traditional dry powder processing are
eliminated. Furthermore, the isostatic nature of the process produces a very uniform green
microstructure and green density; therefore, subsequent densification leads to uniform
mechanical properties and part dimensions. PZT components routinely exceed a density of 7500
kg/m® (approaching the theoretical maximum density). MSI-53HD ceramic’s d3; piezoelectric
coefficient was measured to be 725 pm/V, which is similar to the MSI-53 used to fabricate the

telescoping tube actuators.
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1 mm

2.5mm W%}/ (all tubes)
i

$¢9.5mm| ¢ 155 mm

(base bonding layer) Figure 9: Injection molded
Figure 8: Injection molded prototype MSI-53 micrograph

3.3. CONVENTIONAL ASSEMBLY

As a baseline, a third telescopic actuator prototype was constructed from off-the-shelf pre-
poled piezoceramic tubes and aluminum washer end caps. The piezoceramic tubes were APC’s
855 composition, similar to PZT SH. The three tubes used to build the actuator were all of a
length of 76.2 mm, a thickness of 1 mm, and outer diameters of 25.4 mm, 19.1 mm, and 12.7
mm respectively. The tubes were linked together by two aluminum end caps, each 3.18 mm
thick, as shown in Figure 10. The components were bonded together using a two part epoxy
from Insulcast (Insulcure 24, Insulcast 501). The actuator was completed by wiring adjacer(l_t
tubes with opposite polarity.

0.15 mm 1 mm
(all internal K (all tubes)

bonding layer pon

L

70 mm

¢ 12.7 mm ¢ 25.4 mm
¢ 19.1 mm

d

3 mm

i 5
» (unelectroded)—f—

j 3.2 mm
0.4 mm ——T

(base bonding layer)
Figure 10: Conventionally assembled prototype
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3.4. MICROFABRICATION BY COEXTRUSION

In addition to the development of fabrication methods at the mesoscale, attempts were made
to develop telescopic actuators at the submillimeter scale using the microfabrication by
coextrusion method developed at the University of Michigan by John Halloran. The MFCX
process can be described as a multi-phase, or multi-material extrusion process, as depicted in
Figure 11. Carbon black powder and PZT-5H (APC PZT-856) powder were each combined with
thermoplastic polymers in a shear mixer (Model PL2100, CW Brabender Instruments, Inc.) at
approximately 160°C at a speed of 30 rpm until the mixtures were of equal viscosity. Viscosity
matching is critical because it allows the two materials to be simultaneously extruded without
cross-sectional deformation. Each of the mixtures was hardened by cooling to room
temperature, warm-pressed into a solid block of material, and then machined to create a feedrod
of a hollow tube (Figure 11a). The cross-sectional dimensions of the feedrod were chosen so
that the aspect ratio (wall thickness of the tube/ radius of the tube) matched the desired aspect
ratio. During the extrusion step, the feedrod was forced through a reduction die at approximately
1200 kg on a Bradley University Research Extruder, reducing its diameter by a factor of 25, but
maintaining the aspect ratio of the original feedrod. By re-bundling the extrudate and making
multiple extrusion passes (Figure 11b), diameter reductions up to three orders of magnitude are
possible making hollow tubular fibers. To create the hollow cross-section for these fibers, the
carbon black core and the thermoplastic polymers were removed during the burnout cycle by
slowly heating the fibers over 18 hours to a temperature of 600°C (HIPAN Series furnace,
Micropyretics Heaters International). Finally, the fibers were sintered by heating at a rate of
180°C per hour to a two-hour dwell at 1285°C to strengthen and densify the ceramic. To prevent
warping, a common problem in ceramics processing, it was necessary to burnout and sinter the
fibers vertically, hanging under their own weight (Figure 11c). During the post-processing phase
of fiber electroding and poling, gaining access to the fiber interior was problematic due to the
hollow fiber topology and the extremely small hole in the fiber center. To address this problem,

Polymer/ o
, : Polymer/
Carbon PZT -

,.Bmout~ aﬁd
.. Sintering by
“fibet hanging

- '} .Feedrod
-} machining and
med - 28sembly
Fgcdrod Final fiber
a) Step 1. Feed rod formation v b) Step 2. Extrusion c¢) Step 3. Burnout/Sintering
Figure 11: MFCX process overview
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a unique electrode pattern was introduced during this step, where the inside electrode was
extended around the end of the fiber to an external patch, enabling access to both the inside and
outside electrodes from the exterior of the fiber. Silver paint was used to electrode the fibers
(DuPont Conductor Composition #7421), creating a large enough electrode patch so that
multiple fibers could be connected through a single electrical bus. A gap (approximately 2mm)
separated the inner and outer electrodes, allowing the fibers to be poled in air without arcing.
Each of the fibers was poled by applying an electric field of 1200 V/mm at room temperature for
approximately 30 minutes.

Many fibers were successfully fabricated, approximately 200 PZT-5H fibers of varying
outside radius (300-450 pum) and aspect ratio (0.3 — 0.52); examples are shown in Figure 12.
Fibers with features sizes as small as a grain size across were also successfully fabricated, but
they were very fragile. While this process is very good at making long fibers with small
features, it is not capable of joining the fibers out of the plane of extrusion as required for the
telescopic actuator. However, the entire motivation for this submillimeter fabrication study was
the development of piezoelectric actuation fibers for active fiber composites (AFC) that would
improve upon the current state of art. The most common form of AFC that can generate high
levels of strain (as high as 1700 microstrain) is based on embedded solid piezoelectric fibers
activated by an external interdigitated electrode pattern.” This type of AFC has been employed
in a twist configuration for control of a rotorcraft blade, where twist angles of several degrees
have been achieved.”! The major drawback to this approach is the requirement of the electric
field to pass through the composite matrix. Due to the placement of the electrode on the matrix
surface, electric field losses are significant requiring high voltages (on the order of 1 kV) for
actuation.”? Furthermore, this approach limits the matrix to electrically nonconductive materials,
which is particularly a problem in large structure and air vehicle applications where metals and
carbon fiber composites are almost exclusively utilized in construction.

An alternative approach to solid fiber AFC’s is based upon hollow piezoelectric fibers
(Figure 13) developed in this research. These fibers, individually electroded on both the inside
and outside surfaces, are activated by an electric field applied directly across the walls of the
fiber, generating longitudinal strain due to the piezoelectric d3; mode. Even though the
longitudinal strain is decreased by approximately half by using ds; versus the dj; mode used in
solid fiber AFCs, the required voltage can be decreased by a factor of ten or more since the
electric field is applied only across the wall of the fiber instead of through the matrix, thereby
eliminating field losses. An additional benefit to the hollow topology is the isolation of the inner
electrode from the matrix, enabling the fiber to be embedded in electrically conductive
matrices.”*? In addition to the demonstration of these improvements, a reliability study was

— ) =
0 pm:; S 200 pm 4 .
Aspect Ratio = 0.42 Aspect Ratio = 0.52

S s

Aspect Ratio = 0.3

Figure 12: Hollow fiber prototype cross-sections
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PZT
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fiber interior

Poling direction (radial)
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Figure 13: Hollow fiber design

conducted that proved that hollow fiber active composites are within 10% of the reliability of
active com?osites based upon solid fibers. The details of this study and findings are found in
references.’®?’

4. ACTUATOR PERFORMANCE MODELING

The second task embarked upon was the modeling of the performance the telescopic actuator
to provide predictive analysis/synthesis design tools and a foundation to study the architecture
behavioral mechanisms and losses. This effort was focused on the derivation of analytical
models, quasi-static and dynamic, for a generic configuration in order to gain insight into the
sensitivity of the architecture to its various design parameters; however, finite element models
were developed to assist in validating and refinement of the analytical models and for stress
analyses. All of the analytical models were derived based upon the following assumptions:

e Piezoelectric induced radial strains are neglected in modeling the shells because the useful
displacement, force, and work of the actuator is in the axial direction.
The shells are long, thin, and of constant thickness and cross sectional area.
The end caps are made from an isotropic, non-piezoelectric material - either metal or unpoled
piezoelectric.
The deformed shape of the end cap is a linear function of the radial direction coordinate.
Displacements and vibrations in the radial direction (3) are assumed negligible with respect
to the axial (1) direction.

o Bonding layer effects were assumed negligible in the dynamic modeling but were taken into
account in the refinement of the quasi-static model.

A summary of the derivation methodology and the resulting models are given below, detailed
derivations are provided in references.
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4.1. QUASI-STATIC ANALYTICAL MODEL DERIVATION

An analytical model to predict the quasi-static performance of a generic telescopic actuator,
arbitrary number of shells with a general cross-section, was derived using Castigliano’s theorem
with the piezoelectric strain taken «s an additional forcing term. To simplify the model, the
piezoelectric shells of the telescopic actuator and bonding layers were modeled as material under
simple compression or tension. The end caps of the telescopic actuator were considered to be
compliant; and therefore, were modeled as linear springs connecting the piezoelectric shells as
shown in Figure 14. The resulting force-deflection mode] for a n-tube, m-bonding layer actuator

| i((dw )i (Es )i in )"

F=-P= =]
- t (1)
Z:‘ ( ¢ ) + 2 i Zl YvibAib

where F is the force produced by the actuator which is countered by P the applied load, L/ is the

" tube’s length, (Y] M: is its Young’s modulus in the j direction, 4/ is its cross-sectional area, (d3))i
is its plezoelectrxc coefficient in the j d1rect1on (E3)i i 1s the electric field applied to that tube, the
stiffness of the /™ end cap is denoted by kS, t? is the i bonding layer’s thickness, ¥’ is its
Young’s modulus, and A/ is its cross-sectional area.

The stiffness of the i end cap, k, (Equation 1) was derived from shell bending theory
applied to the cylinders bonded to the end cap (Figure 15),

@

/]
1
7 Applied Load, P
/ e PRS-
/ “
g \ AN
/] Cross-sectional area, A,’
Bonding Layer 1 Young’s modulus, (¥;),
Length, L’ Piezoclectric constant, (ds);
Thickness, t,° Electric field, (E3),

Cross-sectional area, Alb
Young’s modulus, (Yj”)l

Figure 14: Analytical model of the telescopic architecture
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The term t° is the axial thickness of the i end cap while R denotes a tube’s mean radius. M; and
V; are the moments and shears that an end cag is subjected to during loading, D;’ is the tube’s
bending stiffness and 4, is a geometric term.’

The expression for the actuator free deflection, 47, can be found by setting the applied load,
P, to zero, resulting in a simplified, rearranged version of Equation 1.

n
F _ t
A "Z(dsj),»(E3)zLi @)

i=1
The free deflection is simply the sum of the strains from each individual shells. It is interesting
to note that the bonding layer terms are not present and have no effect on the unloaded
displacement. However, the bonding layers do play a significant role in the force generating
capabilities as denoted by the actuator blocking force, found by setting the deflection, 4, in

Equation 1 to zero, .
Z ((d3j ),- (E3 )zLi )_ A

B _ =1 10 !
F~= l =k ((d3j)i(E3)iLi)
3 L i L3 £ @
4 + — + 1
c b b
i=l (th )I Al g a\ YA
the bonding layer terms will reduce the actuator blocking force, F®. The force is also decreased
by any compliance in the end caps, k°, whereas the free deflection is completely unaffected. This
gives rise to k°, a term that lumps all the compliances within the telescopic architecture into a

single stiffness value. These two factors will be shown to be very significant in the Performance
Analysis and Evaluation Section.

Centroidal Axis
|

:
i A
i V.4
] A4
i
|
!
!
!
!
!
; > | e |
! R,
!—————-———-}
; RE+I
!
! A
§ A —
Figure 15: Compliant end cap model
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4.2. FINITE ELEMENT MODEL DEVELOPMENT

Each of the three types of telescopic prototypes was numerically modeled in three
dimensions including all physical elements: piezoelectric tubes, discrete or piezoceramic end
caps, and bonding layers at the end caps and even at the actuator mounts. Because of their
symmetry, only one half of an actuator’s axial cross-section was constructed and meshed using
the Hypermesh program, an example mesh shown in Figure 16. By using the eight noded, bi-
quadratic axisymmetric elements (type CAX8 & CAXSE) available in ABAQUES, the full three-
dimensional model was obtained that accounts for bending and shearing within the tubes,
endcaps, and bonding layers and radial as well as circumferential piezoelectrically induced
strains. Two different cases with different end conditions were modeled for each prototype: a
free deflection case and a completely blocked case. For both trials, the bonding layer on the
bottom edge of the outer tube of the models was restricted from moving in the radial and vertical
direction (fully constrained in an axisymmetric model). For the blocked case, the top edge of the
inner tube was additionally restricted from moving in the vertical direction. Each prototype was
theoretically activated by specifying an electric potential along the electroded actuator surfaces.
The ABAQUS files containing the deflection and reaction force values generated from these
modeling runs were used to create a numerically predicted deflection-voltage and force-
deflection curve for each prototype. These were used to validate and refine the analytical model.

In addition, these models were utilized in a stress study to verify that the monolithic
structures would not break or buckle. The telescopic models were blocked and activated and the
resulting material stress was calculated. The results of these trials were encouraging, with the
maximum calculated Von Mises stress within a five-tube telescopic model reaching 36 Mpa,
significantly lower than the 63 MPa tensile strength of the piezoceramic material. The problem
points within the actuator, as can be seen in Figure 17, are the corners where the actuator tubes
join with the end caps. The sharp corners act as stress concentration sites, but the 57% factor of
safety for even these potential failure sites provides assurance that the telescopic architecture
should easily withstand use as an actuator.

End Caps CAXS
Bond
Layer CAXS

Figure 16: Finite element model of the injection molded actuator

Solid State High Authority Telescopic Actuators 4/11/2002 Page # 16

D. Brei and J. Halloran — Univ. of Michigan




M1ISES VALUE
.61E+05&

. 09E+06
. 83E+06
.G6E+06
.13E+07
.40E+07
.GBE+07
. 95E+07
. 22E+07
.S0E+07
CTTE+DT
. 04E+07
. 32E+07
.59E+07

Material
Tensile 63 MPa
Strength

Maximum
Von Mises 36 MPa
Stress

Figure 17: Numerical stress field within a five-tube telescopic actuator

4.3. DYNAMIC ANALYTICAL MODEL DERIVATION

The dynamic model was more complicated, thus, the more sophisticated transfer matrix
method for inactive structures’! was modified to account for piezoelectric loading. The
telescopic actuator was modeled as a collection of uniform shells in axial vibration. The shells
were numbered {1,..,k,..n}, the first shell being rigidly mounted at x = 0. The transfer matrix for

the k™ shell is:
(a)l ) c . (a)l )
cos| — sin| —
c 4.Y @ c

A Yo . (a)l) (a)l) ©)
— X sin| — cos| — |
c

c c
where Y; is the Young’s Modulus, 4y is the cross-sectional area, and 1is the length.

Uy =B, (Z)Bkﬁl (0) =

The end caps were treated as point masses and were numbered {1,..,k,..n}, the n™ mass being
at the free end of the actuator. The transfer matrix for the K™ point mass is:*!
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k—_mka)zl (6)

where my is the mass of the k™ end cap.
Using these transfer matrices, natural frequencies and mode shapes can be determined via the

boundary conditions, which can in turn be applied to the equation of motion for a structurally
damped continuous system under sinusoidal forcing:*?

{Z iy ()2 a(z)}k {2 u, (x)2% (t)} ‘o {Zum (), (z)} - U, @} sin(er) O

where Q is the forcing frequency, y is a structural damping coefficient, w; is the i natural
frequency, uy, is the ig mode shape, U, is the static solution, and o; is a scaling function of time.
Using orthogonality of modes, this equation can be simplified into a collection of 1-degree of
freedom problems, which can be solved for ¢; using conventional methods. According to this
procedure, the displacement of the k™ shell was found to be:

fu (x2)}, ={U (X )}k sin(Qt )+ i{u b (x)}k (B, cos(Qt )+ C . sin( Qt )) (8)

where {Up(x) ]}y is the static displacement of the k™ shell, { uni(x) }x are the mode shapes of the s
shell, B; and C; are constants that depend on the mode shapes and static displacements of all of
the shells that make up the actuator, as well as the masses of the end caps. By evaluating
Equation 8 with k = n (the last shell) and x =1 (the end of the shell), the amplitude magnitude is

Stns] [w.nn S0 o

and the phase at the free end of the actuator is

[ \
;{uhi (Z )}n ¢
g{uhz‘ (l)}n B, )

Typically, the first natural frequency of the actuator is of primary interest. As would be
expected, increasing the stiffness of any element, by either decreasing the length or increasing
the cross-sectional area, will result in a higher first natural frequency. An increase in the
structural damping of the system will result in a decrease in the first natural frequency.
Additionally, increasing the mass of the mass of the end caps will result in a lower first natural
frequency.

_ -]
¢ =tan a0
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5. EXPERIMENTAL COMPONENT TESTING

Materi:al' L g

i Type !

Table 1: Material properties used in modeling of prototypes

APC

Insulcure 24

3
PZT 856 7500 kg/m 62 GPa 0.3 430 pm/V
APC \ .
PZT 856 7500 kg/m 62 GPa 03 Inactive
Insuleast 301 | 11501 0m | 1.9GPa 0.3 N/A

440 pr/V

MS1-53

7500 kg/m®

62 GPa 0.3

Inactive

Insulcast 501
Insulcure 24

1150 kg/m®

APC

1.9 GPa 0.3

The third task undertaken was the experimental characterization of telescopic actuators of
various sizes and configurations, given in Table 1 (fabrication was described in the Manufacturing
Development and Process Modeling Section). Three different types of experiments were conducted: 1) a
force-deflection study, that allows for the evaluation of the architecture’s performance under
loaded conditions, just as it will experience in actual service situations, giving insight into the
telescopic actuator stiffness and blocked force capabilities as well a loss mechanisms; 2) a
deflection-voltage study, which measures the free deflection of an actuator at a range of
electrical driving potentials giving insight into the material properties of the actuators and the
hysteresis present within the actuator; and 3) a dynamic study which identified the resonances of
the actuator by measuring the amplitude (under no load) and phase as a function of frequency.

D. Brei and J. Halloran — Univ. of Michigan

3
PZT 855 7500 kg/m 62 GPa 0.3 420 pm/V
Aluminum 2700 kg/m® 70 GPa 0.3 N/A
Insulcast 501 3
Insulcure 24 1 1-50 kg/m 1.9 GPa 0.3 N/A
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5.1. FORCE-DEFLECTION STUDY

To measure the quasi-static performance of each prototype, the experimental test apparatus in
Figure 18 was employed. Because of the high stiffness of each telescopic actuator, close
attention was paid to the test set up, insuring a high degree of stiffness in the actuator mount and
eliminating any low stiffness components from the chain of deflection measurement. For
example, the actuators were mounted to quarter-inch aluminum plates that were secured to a
reinforced steel back-plate that was bolted to a one-inch thick aluminum bed; this test bed was in
turn bolted to a vibration isolation table. Each actuator was activated by a 100 V potential
supplied by a Kepco APH 2000 DC power supply. For this driving voltage, the free
displacement of the activated prototype was measured by a Philtec AB8NE!1 fiber optic probe at
various points around the actuator circumference and was averaged. Once the free displacement
was measured, force was applied to the actuator by dialing-in a micrometer on a Newport load
bearing stage with a Cooper LPM 530 load cell in-line with the prototype. Force was measured
in 25 N increments until the blocked force was reached or 100 N. While each actuator was
predicted to generate more force than 100 N at large driving potentials, this was set as a
conservative upper limit due to the small set of prototypes available for testing. This process
was repeated, incrementing the electric driving potential by 100 V each test run, until the
maximum driving field for each actuator was reached.

Experimental results for each prototype are displayed in Figure 19. The analytical model
predicts the injection molded prototype (Figure 19 top) to exhibit a free deflection of 13.6 um, a
blocked force of 229.3 N, and a stiffness of 16.8 N/um (values for the utilized analytic end cap
stiffnesses are given in Table 2). The error between the analytical model and observed behavior

it A%

Fiber Optic Multi-Axis
Probe \ Stage
N 1l
( - 1 — \ ——— Load Bearing
Test Bed Telescopic Load Cell Stage
Actuator

Figure 18: Force-Deflection experimental test apparatus
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Figure 19: Force-Deflection results
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Apalytical prototype end cap stiffnesses _
= | o
908 N/um 876 N/um 840 N/um 798 Nfum
174 N/um 375 N/um N/A N/A
182 N/um 157 N/um N/A N/A

was 2.2% for free deflection, 7.4% for the blocked force, 9.1% for the stiffness and an overall
modeling error of 4.8%. The numerical model of the injection molded prototype predicts 13.7
um of unrestrained motion that could be blocked by a force of 208.4 N, yielding a stiffness 15.2
N/um at the maximum electric driving potential. This showed a close correlation to the
experimental results with errors of 1.5% in predicted defiection, 2.4% for the blocked force,
0.9% for the actuator stiffness, and an overall model error of 1.9%. This prototype was well
made with very little variability in dimensions and material properties; thus, it was possible to
model it quite accurately.

The acrylate polymerized prototype on the other hand, had variability in dimensions which
were difficult to fully measure. The prototype possesses poor geometric tolerances, with varying
wall thickness and warping of the tubes in both the radial and axial directions, in addition to a
large degree of uncertainty in the extent of the hand painted electrode and its integrity. Despite
this, the analytic model of the acrylate polymerized prototype yields a predicted free deflection
of 21.7 um, a blocking force of 275.9 N, and an overall actuator stiffness of 12.7 N/um, giving
errors of 0.9% in the free deflection, 7.4% in the blocked force, 8.4% in the actuator stiffness,
and an overall model error of 4.2%. The numerical model of this prototype was less accurate
with 1.1% error in the free displacement of 21.7 wm, 10.2% error in the blocked force of 283.1
N, 11.4% error in the overall actuator stiffness of 13.1 N/pum, and 5.9% total model error. In
light of all the unknowns in this prototype, this correlation is still very good.

The assembled prototype was between these two prototypes in quality. The material
properties and dimensions were well known except for the internal bonding layers which could
not be easily measured from the completed prototype due to their inaccessibility. The presence
of many bonding layers within this prototype played a pronounced role in the actuator’s
performance. At the driving potential of 300 V the analytical model for this prototype predicts a
free deflection of 26.6 um with 2.9% error, a blocked force of 289.1 N with 7.2% error, and an
actuator stiffness of 10.9 N/um with 10.4% error, which gives an overall model error of 5.1%.
The numerical model of the conventional actuator gives a free deflection of 26.5 um that can be
blocked by a force of 266.3 N, which gives an overall stiffness of 10.1 N/um. This model had
slightly better correlation with the experimental results with 3.2% in the deflection, 1.2% in the
forcing capabilities, 10.7% error in the stiffness, and a relatively low 2.2% overall model error.
Interestingly, the analytical models do not systematically over-predict their numerically derived
counterparts. For example, the numerical model for the polymerized prototype gives higher
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predictions for forcing capabilities when compared to both the experimental results and the
revised analytical model. But the numerical models for the other two prototypes are much more
conservative, always under-predicting the analytical models, and often under-predicting even the
experimental results, these trends led to an exploration of the bonding layers and end cap
thickness; parameters of the telescopic architecture that could account for these results as well as
influence the actual performance.

Though each actuator was made from various materials and has different dimensions, it is
possible to compare them at a qualitative level at the 300 V activation level. As would be
expected, the longer telescopic actuators produced more deflection, 27.4 um for the assembled
actuator and 21.9 pm for the polymerized prototype, than the shorter injection molded actuator
which generated only 13.9 um of deflection. While length was the major factor in this, it is
important to note that if the injection molded actuator had not been composed of five nested
tubes, the difference in displacement would have been much greater. Though the dimensions of
the polymerized and assembled actuators are similar, because of the material properties and
differing end cap thickness, the blocked forces did vary from 269.7 N, giving a stiffness of 9.8
N/um for the assembled prototype and 256.9 N and 11.7 N/um for the polymerized prototype.
Because the end caps on the polymerized prototype are ceramic and thicker than those of the
assembled actuator, the stiffness of the polymerized prototype is slightly higher. The injection
molded actuator had the highest stiffness of all prototypes at 15.4 N/um which resulted in the
large blocking force of 213.4 N, despite the smaller cross-sectional areas of the tubes. This
higher stiffness is a result of shorter tubes that are closely spaced and stiff end caps.

5.2. DEFLECTION-VOLTAGE STUDY

The free deflection performance of each prototype was experimentally measured utilizing the
test setup depicted in Figure 20 to gain insight into the hysteresis losses. Each prototype was
mounted to an aluminum plate and secured with a vise. A thin square of aluminum was bonded
to the inner most tube of each actuator to serve as a reflective surface to facilitate readings using

DC Voltage
Source

Multi-Axis

Telescopic
Actuator

Figure 20: Deflection-Voltage experimental test apparatus
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a Philtec fiber optic displacement sensor. The sensor was monitored with a Fluke digital multi-
meter. The actuators were activated using a Kepco power supply in 50 volt increments. At each
increment the displacement was measured with the fiber optic probe. This process was repeated
until the maximum applied voltage was reached, 300 V for the two monolithic actuators and 400
V for the baseline actuator. Once the maximum field was reached, the voltage was stepped
down, again in 50 volt increments, until zero volts was reached. At this point the leads from the
power supply were reversed and the process was repeated for negative voltages.

The experimental results for each of the three actuators are given in Figure 21, with 14.7 um
deflection for the injection molded actuator (at 300 kV/m), 24.7 um of deflection for the acrylate
polymerized telescopic prototype, (at 230 kV/m), and 33.2 pm of deflection for the
conventionally assembled actuator (at 400 kV/m). For the injection molded prototype, an
experimentally measured ds3; value of 440 pm/V was employed in the model, yielding a
maximuim theoretical deflection of 14.9 um analytically and 13.7 um numerically. The average
error for this prototype was determined to be 13.4% for the analytic model, and 14.1% for the
numeric model, but this is mainly due to hysteresis, which reached a maximum of 6.6 um. The
error at the maximum free deflection, where there is little hysteresis, was only 1.8% for the
analytic model and 6.9% for the numeric model. The experimentally determined d3; value for
the polymerized actuator was 430 pm/V, which gave an analytically predicted maximum
deflection of 21.9 pum for 12.6% error and 21.7 um of numerically predicted deflection giving
12.1% error when compared to the measured maximum deflection. It should be noted that the
increased error in this case most likely stems from uncertainty in the electroded length of the
polymerized actuator’s cylinders. For the polymerized telescopic actuator, the average error in
the analytic model was 20.5% with the numeric model giving a similar error of 20.6%; again,
mostly due to hysteresis, which peaked at 11.5 um. For the baseline prototype, the maximum
free deflection correlated well with the theoretical values of 31.9 um for the analytic model and
35.1 um for the numeric model, to within 3.9% analytically and 5.8% numerically when using
the measured d3; value of 420 pm/V. The maximum hysteresis was 19.1 um, and the average
error in the analytic model was 18.2% while the numerical model yielded 18.9% overall error.
The minor difference in the predictions of the two models for each of the prototypes arises
because the numerical model accounts for piezoelectric effects in three dimensions, while the
analytical model is only one-dimensional. It is relevant to once again point out that the linear
nature of the theoretical models do not attempt to capture the hysteresis that all piezoceramics
exhibit; but, as evidenced in Figure 21, when hysteresis is taken into account, the experiments do
track both the numerical and analytical model well.

5.3. Dynamic STuby

For the dynamic experimental study, only the conventionally assembled prototype was
tested. Dynamic frequency-amplitude tests were conducted to measure the amplitude and phase
of the free end of the actuator as a function of the forcing frequency. The prototype was clamped
in place and an HP model 35670A dynamic signal analyzer amplified by a Trek model 50/750
amplifier provided a 50 V input sine wave input signal (Figure 22) to the actuator. The
frequency of this sine wave was swept from 100 Hz to 20,000 Hz. During this sweep, the peak
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Figure 21: Deflection-Voltage results
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Figure 22: Dynamic performance experimental test apparatus

amplitude and phase of the free end of the actuator was measured using Philtec model ASSNE!
fiber optic probe fed back to the dynamic signal analyzer, which processed the deflection data.

Figure 23 contains the experimental and analytical frequency-amplitude and phase response.
The model predicts the low frequency behavior accurately with an average error from 100 to
1000 Hz of 1.4% for the amplitude. At these frequencies, the amplitude of the deflection of the
free end of the actuator is very close to that of the static solution. The low error is expected
because the properties of the material are well known (specifically the d3;) and many of the
simplifying assumptions will not manifest themselves in the form of error at such low
frequencies. As shown in Table 3, the first and second natural frequencies are slightly lower
than those predicted analytically, 6.3% and 6.4%, respectively. Additionally, the observed peak
amplitude at the natural frequencies is lower than the predicted values, 9.2% lower at the first
natural frequency and 3.3% lower at the second natural frequency. Both effects could be the
result of neglecting the epoxy layers used to bond the shells to the end caps because it introduces
compliance and damping into the stiffer ceramic structure.

In examining the amplitude data, there appears to be a small peak near 10,000 Hz. However,

since the phase data does not identify this as a natural frequency, it is most likely due to some

Table 3 Expenmental and theoretical natural frequencles
nent: : Natural Frequen”jy ' LA
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factor other than resonance in the axial direction; for example, it may be an excited radial mode
causing a disturbance in the transducer. Near the third natural frequency, the experimental phase
data becomes very noisy, which may be due to a mounting unable to handle such high frequency
vibrations without affecting the prototype. However, since the peak attributed to the third natural
frequency in the analytical model matched reasonably well with the peak in the experimental
data (they differed by 9.5%), it was assumed that this was indeed the third natural frequency.
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Figure 23: Experimental and theoretical dynamic performance at 50 vV
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6. PERFORMANCE ANALYSIS AND EVALUATION

The final task built upon the findings from the others to identify and understand the
sensitivity of the performance to different architectural design parameters, manufacturing
tolerancing, and practical considerations such as bonding layer effects and other parasitic losses
not completely captured by the models.

6.1. DESIGN PARAMETER SENSITIVITY ANALYSIS

Loss mechanisms of the telescopic actuator due to architectural, manufacturing tolerance,
and material considerations were investigated using the validated analytical models.
Architecturally, as the number of shells is increased for a fixed actuator volume, the cross
sectional area, and thus the force capabilities are decreased. Also, from a practical
manufacturing standpoint, there must be a finite gap between the shells when fabricated. This is
potential active actuation volume being sacrificed, which also decreases the force and work
output. Material properties come into play in the telescopic design when the mode of actuation
of the piezoceramic is considered, ds3 versus ds;. Thus, to evaluate the telescopic actuator
architecture, the sensitivity of the deflection, force, and work of the telescopic actuator was
studied with respect to the length of the radial gap between the shells and number of shells, as
well as similar effects due to activation mode — ds; or ds;. In addition to the assumptions made
for the model derivation, the following assumptions were made:

e The actuator shells are all assumed to be circular cylinders.

e All of the z cylinders in the telescopic actuator have the same length, L, and wall thickness,
£.

» The end caps in the telescopic actuator have the same thickness, #°, and are assumed to be

perfectly rigid.

The ratio of the piezoelectric strain coefficients ds; to ds3 is 0.44.

The ratio of the material compliances s33 to 511 is 1.22.

The thickness of the end caps accounts for 5% of the total actuator length.

Bonding layer effects were negligible.

For the purposes of this sensitivity study, the quasi-static performance of the telescopic
architecture was normalized with respect to an ideal circular stack actuated in the ds; mode and
exhibiting no losses that are typically present in actual devices of this nature. Both the telescopic
and the baseline actuators are made out of the same piezoelectric material, were driven at the
same electric field, E, and were of the same overall length, L, and outer radius, r, (Figure 24).
Comparison ratios were then formulated for the free deflection, A”, blocking force, F”, and work,
W, of the telescopic actuator by normalizing these values with respect to the free deflection, A”,
blocking force, F ? and work, W¥, of a baseline actuator. To facilitate the derivation of these
performance factors, each is written in terms of the actuator gap parameter, ¢, which is defined
as the percentage of the ideal tube thickness (7,/n) that is set aside for the inter-tube gap.
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a) Bascline Actuator b) Telescping Actuator
Figure 24: Sensitivity study parameters

The first of these comparison ratios relates the deflection of the telescopic actuator to that of
the baseline actuator. This deflection amplification factor, Q, is the factor by which the free
deflection of an actuator is amplified when compared to that of a comparable idealized stack.

For an n-cylinder telescopic architecture, the factor is:
' _nd, L-2r)
Q—_—A :nd3JL 2t an
N d,L
The subscript j in these equations denotes the mode of activation for the telescopic actuator, with
3 corresponding to the d;; mode and 1 corresponding to the dj; mode.

The amplification of displacement comes at a cost to the actuation force. To quantify these
losses, the force reduction factor, ¥, was derived. F or the telescopic actuator, the ratio between
its foree and that of the idealized stack is:

\PzFT _ d, -s33(1—a) 4 12)

FP
S N1
s Z21—1+a:

For ideal actuation architectures, the force reduction and deflection amplification would
negate each other, resulting in the same amount of actuator work as the idealized case. In reality,
there are transmission and packaging losses inherent to any architecture, reducing actuator work.
The work efficiency factor, @, is the ratio of the work output of an actuator to that of an
equivalent, idealized stack. This equation reduces to the following for the telescopic
architecture:

wT N FT disy(i- a)(L 2°)

CI)=Q‘P:W1, T
33 J]LZ

(13)

21—1+a
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This can also be viewed in terms of work loss by defining a work loss factor, ©, for a given
architecture as one minus the work efficiency factor. For the telescopic actuator this is:

d3js33 1-—a)(L—2f)
]JLZ

Assuming a cylindrical actuator, Figure 25 depicts the plots of these comparison factors for a
ds; architecture in terms of the number of actuation shells, #, and a range of gap parameters, a.
As seen in Figure 25a, the deflection amplification factor increases linearly as the number of
cylinders, n, increases and is independent of the size of the gap between the shells. The
deflection amplification ratio dips below unity because of the inferiority of the ds; coefficient
compared to the ds; coefficient of the ideal stack. Thus, a couple of cylinders are needed to
make this architecture viable in the d3; mode. The force reduction factor decreases inversely
with additional actuator shells. This behavior is due to the fact that, in this comparison, only a
set amount of cross-sectional surface area is available and it must be divided equally among all
of the actuator shells. Additional shells mean a reduction in individual tube surface area, which
is directly related to the force generated, accounting for the drop in actuator blocking force. This
is the most substantial loss mechanism. The force also decreases slightly with increasing gap
size (Figure 25b), due again to loss in area, but this loss is not as significant as that attributed to
the number of actuator cylinders. The work efficiency factor also decreases nonlinearly with
increasing actuation tubes, and decreases with increasing gap size as shown in Figure 25c¢, and
the work loss factor behaves in a converse manner, illustrated in Figure 25d.

O=1-0=1-

(14)
1+a

When comparing the ds; telescopic architecture to an ideal stack, the performance is
obviously limited by the lower piezoelectric coefficient than that of the ds; mode. Because of the
telescopic architecture’s versatility, an actuator can also be constructed to utilize the dz; mode of
actuation. Figure 26 displays the derived performance factors (Equations 11-14) for both the ds;
and ds33 telescopic actuator versus the number of actuation tubes. The linear deflection
amplification factor (Figure 26a) effectively displays the jump in actuator performance because
of the change in actuation mode. Note that for the d3; mode of actuation, the displacement is
either equivalent to the idealized stack (n = 1) or is amplified. Assuming a 30% loss in cylinder
stiffness due to bonding layers in the d33 telescopic actuator, Figure 26b shows the force
reduction factor of the telescopic actuators. In addition to the improved material performance
and because the d33 actuator is activated by generating a field in the axial direction, it is possible
to use cylinders with differing wall thickness. Therefore, the actuator can also be constructed so
that each cylinder has the same cross-sectional area (and thus the same stiffness) versus the
constant thickness requirement of the d3; mode. While the constant area versus constant
thickness does not have much impact on the displacement of the actuator, the force and work can
be significantly improved by the constant area design. As seen in Figures 26¢ and 26d, the work
factors are constant for the ds; constant area actuator and are as high as theoretically possible
given the assumed loss mechanisms. Naturally, there will still be a reduction in work due to
increasing gap size, stemming from the fact that any gap present in the actuator volume is wasted
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Figure 25: Comparison factors for ds telescopic actuators

when compared to the baseline stack where the entire actuator volume is contributing to the
actuator’s performance. But this is inherent to the architecture and is present in either a d3; or ds3
mode actuator. Therefore, a ds3 mode actuator is preferable to a comparable ds; actuator. The
improved performance of the ds3 mode actuator can be broken down into two basic facets: the
additional strain available in this mode of actuation and the freedom to design actuator tubes of
varying and larger cross-sections. It should be noted that the ds3 mode actuator is more
complicated to manufacture, which may lead to increased cost and losses due to bonding layers.
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If these factors are significant, the d3; mode of actuation may be competitive because of its
simplicity.

6.2. END CAP THICKNESS EFFECTS

In the previous study, the governing equations (Equations 11-14), were analyzed with
respect to the geometric gap parameter ¢, the architectural parameter, n and the material
parameters — d and 5. Of the two remaining parameters, the relationship with L is straight
forward with the displacement and work increasing and the end cap effects being reduced. The
last parameter, the end cap thickness was assumed to be perfectly rigid; however, from the
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experimental results it is know this is not a reasonable assumption. Thus, further investigation
was conducted and it was discovered that the thickness of the end caps displays an unexpected
effect on actuator stiffness. For example, Figure 27 gives the predicted actuator stiffness of the
polymerized prototype while varying end cap thickness. There is a range of end cap thickness
where the numerical model gives a higher theoretical stiffness than the revised analytical model,
and other thickness ranges where the converse is true, with the two curves crossing each other at
the 2 mm and 9 mm end cap thicknesses. This is due to the fundamentally different ways that
the end caps are modeled; where the numerical model simply regards them as just another piece
of the three-dimensional telescopic structure and the analytical model includes them as spring
terms. The polymerized actuator’s end caps are moderately thick, thus falling into the middle
range where the revised analytical model is most conservative. The other two prototypes, with
thinner end caps, come into the range where the numerical model becomes much more
conservative, falling into the left most region for their particular geometries. From these results,
it is clear that the performance of the actuator is sensitive to the thickness of the end caps and the
best model will depend on which region the thickness falls.

6.3. BONDING LAYER EFFECTS

Another parameter that has impact on the performance that was not originally accounted for
in the models and sensitivity analysis was the bonding layer. Initial experiments identified and
the numerical modeling effort clarified that bonding layers play a key role. There are two places
where bonding layers can be introduced — at the end caps or at the base in mounting. A detailed
investigation into the mechanics of the bonding layers showed that accounting for three-
dimensional shearing, bending, and twisting of these layers within a telescopic actuator effects
primarily the predicted actuator stiffness. Figure 28 displays how the stiffness of the
conventionally assembled actuator varies as the thickness of the base bonding layer and the
internal end cap bonding layers increase in the final analytical and numerical models. There is
little difference between the two models where the base bonding layer is concerned, each linearly
reducing the actuator stiffness but not to an extreme degree. A much more pronounced effect is
exhibited by the internal end cap bonding layer thickness, with actuator stiffness declining more
drastically and nonlinearly as it is increased. Because of the numerical model’s three-
dimensional nature, it captures better the true behavior of the bonding layers as opposed to the
revised analytical model which only accounts for axial deformations. These differences can
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amount to a 9.3% change in predicted actuator stiffness due to 1 mm thick internal bonding
layers. Thus, the numerical model is more accurate for the modeling of assembled actuators with
multiple internal bonding layers, but such factors are not critical to monolithic actuators and
either model is good.

6.4. ACTUATOR ARCHITECTURE COMPARISON

The comparison ratios derived in the sensitivity analysis were also used to compare the
telescopic actuator architecture to other piezoelectric actuator architectures.®> The displacement,
force, and/or work for a variety of commonly used piezoelectric actuator architectures were
collected from research literature and were normalized as in the previous section by an idealized
ds3 stack of the same material and package volume. The resulting comparison ratios are given in
Table 4. This is by no means an exhaustive comparison of all piezoelectric actuation options, but
does give insight into what application niche the telescopic architecture falls. The values given
for the ds; and dh3 telescopic actuators reflect an assumption of a 15% loss in actuator force due
to compliant end caps. As Table 4 shows, the telescopic architecture yields displacement
amplification similar to actuators such as leveraged stacks, moonies, and c-blocks. While the
displacement maybe slightly lacking, this architecture does excel at its designed purpose, output
force. As evidenced by the force reduction factors in Table 4, only the solid plates and stack
actuator out perform the telescopic architecture. Both of the work comparison factors calculated
for the telescopic exceed or are on par with other actuation architectures; however, none of the
other actuation amplification architectures generate the same order of magnitude of force
coupled with the deflection amplification. This validates the potential of this design to filla
certain actuation application niche. The niche includes applications that require a similar
magnitude of force as a stack provides, and 1 to 20 times the deflection. Examples include
active mounts, fuel injectors or active rotor blades.
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Table 4: Comparison of actuator architectures
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‘ DISPLACEMENT FORCE WORK WORK
AMPLIFICATION REDUCTION EFFICIENCY LOSS
| FACTOR FACTOR FACTOR FACTOR
‘ ds; Plate
| 1.0 1.0 1.0 0.0
Stack™
| 1.0 0.70 0.70 0.30
Leveraged
35
Stack 2t0 80 1.6¢-3 to 6.3e-2 0.126 0.82
0.44 0.54 0.24 0.76
- 0.44 0.54 0.24 0.76
4 to 60 1.6e-3to2.4¢e-2 0.067 0.991
4 to 67 2.2¢-3 to 3.6e-2 0.15 0.85
Rainbow/ THUNDER™Y_ $
| 7 to 1800 1.7e-5 to 4.4¢-3 0.024 0.97
\;/
Bimorph Bender>®
4 ‘{ 33 to 7400 1.8¢-5 to 2.6e-3 0.13 0.87
Recurve™ CeemmT 7
33 to 7400 1.8e-5 to 2.6e-3 0.13 0.87
d33 Telescopic
1t020 2.8e-2 to 0.6 0.40 0.60
d3; Telescopic 5
1t020 1.9e-2 t0 0.17 0.15 0.85
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7. CONCLUSIONS

This research effort successfully demonstrated a family of ds; piezoceramic actuators ranging
in size from the submillimeter scale, for embedment in composite structures, to discrete actuators
up to the centimeter scale, that provide modest stroke amplification (2 to 15 times) in a compact
package with minimal force reduction. This research consisted of the four specific tasks: 1)
Manufacturing development and process modeling, 2) Actuator performance modeling, 3)
Experimental component testing and 4) Performance analysis and evaluation.

In the manufacturing development and process modeling, several different fabrication
techniques where investigated: acrylate polymerication, injection molding, conventional
assembly, and microfabrication by coextrusion process. All of the techniques developed
produced quality piezoceramic parts with high densities and piezoelectric properties. The
injection molding was found to be best suited to producing complex structures of moderate
height (about a centimeter) in large volumes where cost is a factor. Acrylate polymerization is
better for fabricating tall structures (many centimeters) in smaller quantities and, when coupled
with SLA molds, is ideal for rapid prototyping of complex ceramics. While telescopic actuators
can be assembled from off-the-shelf components, it was found that the bonding layers present a
substantial loss mechanism significantly decreasing the performance output in comparison to the
monolithic structures. In addition to these mesoscale fabrication techniques, microfabrication
via coextrusion was also developed. While it is not possible to fabricate “spaghetti-like”
telescopic actuators because of the out of plane end caps, it is possible to fabricate very long
hollow fibers. It was demonstrated that these fibers, without any appreciable loss in reliability,
can reduce the voltage requirements as much as 10 times with respect to solid fibers in
interdigated electroded active fiber composites and they can be embedded within conductive
matrices which is not possible with solid fibers.

Models, both analytical and numerical, were developed to predict the quasi-static and
dynamic performance of the telescopic architecture. These models were refined to a degree
where the predictions correlated to physical actuator performance within 10% for a majority of
cases, and often significantly less. Necessary refinements included accounting for the complex
deformations of the architecture’s end caps and loss mechanisms such as bonding layers.
Numerically modeling the stresses within the telescopic architecture further validated the
technology, showing that under blocked conditions actuators will experience less than 60% of
the material tensile strength, ensuring a low occurrence of device failure in service. These
models can be used as telescopic behavioral predictors as well as synthesis tools for efficiently
designing telescopic actuators for a wide range of high force-moderate displacement
applications.

The experimental analysis of the various telescopic prototypes validated the impetus of their
design. The deflection experiments confirmed the prediction by the models that the stroke of the
actuator is just the linear summation of the individual shells. Thus, the number of shells utilized
can proportionally reduce the overail height of the actuator. While there is a sacrifice in the
force when compared to a stack of equivalent size, the forces still remain high, over 350 N for
some prototypes. These are very stiff actuators with a high bandwidth, the 1% natural frequencies
of 3500 Hz. These results successfully demonstrate that telescopic actuators can provide a
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compact actuator that provides 2 to 15 times more stroke than a stack of equivalent volume while
maintaining high force and excellent dynamic response.

Through the characterization of this architecture, the primary design parameters, both ideal
and pragmatic, have been identified which govern the quality of the telescopic actuator’s
performance. End cap material and thickness play a definitive role in the actuator’s forcing
capabilities nonlinearly reducing actuator stiffness by up to 50% for extreme cases, as well as
dictate certain modeling criteria for the actuator. Bonding layers were found to be a significant
loss mechanism in the architecture, with base bonding layers playing a less significant role than
internal bonding layers giving stiffness reductions of up to 8% versus 30% respectively. The
actuator tube thickness also affects actuation abilities, calling for uniform shell cross-sectional
areas for optimized performance. This can be achieved via a ds3 versus ds; modes of telescopic
actuator studied in this investigation. The d33 actuators outperform ds; designs in deflection,
force, and work capabilities, with constant shell cross-section ds3 actuators approaching the
theoretical maximum. No matter which mode is chosen, because of manufacturing
considerations there must be a gap between the shells and this gap reduces deflection, force and
thus work. Therefore, good manufacturing techniques that can minimize this gap are essential.

Most of the loss mechanisms can be mitigated through careful design and manufacturing
utilizing the tools developed in this research. In the evaluation of this architecture with respect
to the current state of art, it was found that only solid plates and stack actuators out perform the
telescopic architecture from a work perspective. However, solid plates and stacks cannot provide
the same level of displacement output with telescopic actuators providing up to 20 times more.
Thus, they are better positioned for many applications where stacks and plates fall short — such
as active mounts, fuel injectors, precision shape control for optics, etc. Thus, there is a
significant niche for this new family of actuators and this research established the necessary
foundation — fabrication methods, predictive performance models and experimental procedures.
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CERAMIC SFF BY DIRECT AND INDIRECT STEREOLITHOGRAPHY
Gabriel T-M. Chu, G.Allen Brady, Weiguo Miao,John W. Halloran, Department of
Materials Science and Engineering, Scott J. Hollister, Departments of Biomedical
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Abstract

Direct ceramic stereolithography (SLA) is done using UV-curable suspensions of
powders in acrylates in a conventional SLA machine. Hydroxyapatite prototypes for
bone tissue scaffolds are built from Image-Based Design files, featuring an interior
architecture of void passages. Complex alumina objects are built as digital sculptures.
Piezoelectric ceramic actuators from PZT, which are difficult to photocure, are built
using indirect stereolithography, where SLA-built epoxy molds are used to form a
thermal-cured suspension of PZT powders. We report on the thermal-curing behavior
of the suspensions, and the fundamentals of part building.

Introduction

Stereolithography, and other Solid Freeform Fabrication (SFF) methods, can be
used to directly fabricate ceramic green objects. We briefly outline our activities in
direct ceramic Stereolithography. However, these SFF techniques, including SLA, can
also be used to produce molds or rapid tools for more conventional ceramic fabrication.
We have done this by using SLA molds, which we discuss in this paper as “indirect”
ceramic Stereolithography.

Direct Ceramic Stereolithography

Direct ceramic stereolithography (SLA) is convenient for producing single
component ceramics of any arbitrary complexity (1-4). The ceramic SLA process is the
same as conventional SLA (5), but uses a photocurable ceramic suspension in place of
the resin. A typical ceramic SLA suspension contains 50 vol% ceramic powder
dispersed in a low-viscosity acrylate monomer system, with suitable photoinitiators.
Solutions of aqueous acrylamide monomers can also be used (3). An example of a
direct ceramic SLA object is shown in Figure 1, which is “Anja Test”, a digital
sculpture by Michael Rees (6) built in our laboratory from aluminum oxide suspended
in hexane diol diacrylate. The SLA green body, consisting of alumina in cured
polyacrylate binder, was sintered at 1650°C after slowly heating to burn off the binder.

Figure 1. Three views of Anja Test, by Michael Rees. A digital sculpture built on an
SLA 250 in an alumina-acrylate, after sintering. (by permission of the artist)

Direct ceramic SLA has two limitations: it is difficult to build high refractive
index ceramics and it is difficult to achieve features finer than 600 microns. The
former is related to the optical properties of concentrated suspensions. We find (7) that

the depth of cure achieved by the SLA laser is proportional to 1/An?, where An is the



difference of the refractive index of the medium (the monomer) and the ceramic
particles. The 23 mW He-Cd laser of our SLA-250, we can easily achieve the required
depth of cure (100-300 microns) with low-index ceramics such as silica, alumina, and
hydroxyapatite. However, the refractive index of lead zirconate titanate (PZT) is too
high, so we cannot accomplish direct SLA of PZT objects with our current laser.

Feature size is a second limitation of direct ceramic SLA. The minimum feature
size is determined in the z-direction by the layer thickness and in the x-y direction by the
width of the cured line. Scanning the SLA laser creates a “string” of cured resin. The
SLA object is built from these strings, so the width of the string is a practical limit for
feature size. The cured width depends on the spot size of the focused laser beam, and
on the spreading of the UV radiation by side-scatter from the ceramic particles. Qur
SLA 250 has an 200 micron wide beam (Very fine focus lasers are commercially
available.)

Indirect Ceramic Stereolithography

To overcome the limitation of refractive index and to build with finer features
we use “indirect ceramic SLA”. Indirect SLA uses a thermally-cured version of the
acrylate suspension, with the photoinitiator system replaced with a thermal initiator
system based on benzoyl peroxide. Figure 2 is a process schematic for indirect SLA.
The suspension is prepared as with the direct SLA process. The SLA machine is used
to fabricate a casting mold, into which the suspension is cast and thermally cured. The
cured green ceramic can be removed from the SLA mold for “permanent mold”
processing. For “lost mold” processing the SLA mold is thermally removed.

The suspension is cast into a mold defined by an SFF process. These can be
multipart rapid molds made from epoxy by conventional SLA. We use these for large-
scale PZT telescoping actuators (8). Alternately, silicon rubber soft molds can be made
from SLA epoxy masters, into which PZT can be cast. This process faithfully
reproduces very fine features in the mold. It has the same limitations as any permanent
mold process, i.., the object must be removable from the mold. Reentrant angles and
complex interior architectures cannot be achieved.

For smaller scale objects, especially those with “unmoldable” interior features
which cannot be achieved with permanent molds, we use a “lost mold” process. For
example, lost molds can be made on the Sanders Model Maker from the red wax
support material, into which the ceramic-acrylate can be directly cast (9). Most of our
recent work has involved small objects with a complex very fine scale interior

architecture, which we make with SLA epoxy lost molds.
' Figure 3 shows a bone tissue engineering scaffold built from hydroxyapatite
(HAp). It features an array of 420 micron channels, built to study the influence of
channel architecture on the bone growth (10), for biomedical Image-Based Design
research (11). Figure 3A shows the implant design and Figure 3B is the CAD file
describing the internal channel architecture. This is an image of the epoxy lost mold. A
40 vol% suspension of HAp was prepared in 2 monomer system based on isobornyl
acrylate and propoxylated neopentyl glycol acrylate. This suspension is cast into the
lost mold and cured at 60°C. The cured HAp object -- with the embedded epoxy mold
still inside-- was heated at 10°C/hr to a) pyrolyze the polyacrylate binder, and b) to bumn
away the epoxy lost mold. Note that epoxies usually make poor ceramic binders and
that the pyrolysis of the Cibatool 5100 resin is difficult. However, the lost mold
process works well if the epoxy section size is small. We find that 1 mm sections can
be easily removed, which is adequate for the 450-750 micron features of these
scaffolds.
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Figure 3 (A) Design of bioceramic implant. (B) Negative image of mold design,
showing the channel connection pattern. (C) Hydroxyapatite bioceramic bone tissue
scaffold, featuring 400 micron channels for ingrowth of vascularized bone tissue. This

object was fabricated by Indirect Ceramic Stereolithography

The photocuring of the ceramic suspensions has been characterized using photo-
rheology and photo-differential scanning calorimetry (photo-DSC), and is presented
elsewhere (1). Thermal curing can also be characterized by DSC. Figure 4 shows the
fractional conversion of the monomer in a PZT- IBA/PNPDGA suspension and a HAp
-IBA/PNPDGA suspension cured at 80°C. The fraction conversion is calculated from
the DSC heat evolution, using the established heat of reaction of the acrylate monomer.
The thermal curing kinetics of the PZT and the HAp are similar, suggesting that the




presence of a large quantity of ceramic particles and dispersant does not significantly
change the kinetics of the peroxide-radical catalyzed polymerization of acrylates.
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Figure 4. Thermal curing kinetics at 80°C of ceramic acrylate suspensions as fractional
conversion of monomer

Conclusions

Complex ceramic objects can be made with direct SLA using UV-curable
suspensions of powder in acrylate monomers. The process works best with low
refractive index ceramics, for objects with exterior features larger than 700 micron.

Ceramic objects from high refractive index materials, or objects with very fine
interior features can be made by indirect ceramic stereolithography, by thermally curing
acrylate suspensions in SLA-fabricated molds. Objects with fine interior features can
be fabricated by indirect stereolithography using epoxy lost molds. The indirect
process can also be used with permanent molds created by stereolithography, or with
silicone molds from stereolithography masters.

The thermal curing kinetics are determined by the initiator and the monomer
system, and are not strongly affected by the ceramic filler.
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A popular and useful piezoelectric actuator is the stack. Unfortunately with this type of
actuation architecture the long lengths normally required to obtain necessary
displacements can pose packaging and buckling problems. To overcome these limitations,
a new architecture for piezoelectric actuators has been developed called telescopic. The
basic design consists of concentric shells interconnected by end-caps which alternate in
placement between the two axial ends of the shells. This leads to a linear displacement
amplification at the cost of force; yet the force remains at the same magnitude as a stack
and significantly higher than bender type architectures. This paper describes the fabrication
and experimental characterization of three different telescopic prototypes. The actuator
prototypes discussed in this paper mark a definitive step forward in fabrication techniques
for complex piezoceramic structures. Materials Systems, Inc. has adapted injection
molding for the fabrication of net shape piezoceramic actuators. Injection molding provides
several advantages over conventional fabrication techniques, including: high production
rate, uniform part dimensions, uniform piezoelectric properties, and reduced fabrication
and assembly costs. Acrylate polymerization, developed at the University of Michigan, is
similar to gelcasting, but uses a nonaqueous slurry which facititates the production of
large, tall, complex components such as the telescopic actuator, and is ideal for the rapid
manufacture of unique or small batch structures. To demonstrate these fabrication
processes a five tube telescopic actuator was injection molded along with a very tall three
tube actuator that was cast using the acrylate polymerization method. As a benchmark, a
third actuator was built from off-the-shelf tubes that were joined with aluminum end-caps.
Each prototype's free deflection behavior was experimentally characterized and the results

of the testing are presented within this paper. © 2007 Kluwer Academic Publishers

1. introduction

The fabrication of piezoceramic actuators has histori-
cally depended on the assembly of simple discrete com-
ponents to construct actuators capable of amplifying the
limited strain produced by the material. For example,
stacks are composed of multiple, thin layers of piezo-
ceramic, each individually electroded and then bonded
together. Benders are composed of two or more layers of
piezoceramic bonded together or bonded to an inactive
substrate. Fortunately, piezoceramic processing tech-
nology has made great strides in the last few years. For
example, stacks can now be co-fired [1]; benders can
be made using rainbow [2] or thunder technology [3]
or functionally gradient materials {4-6]. Very complex
shapes can be fabricated using solid freeform fabrica-
tion [7] or injection molding [8]. Even micro actuators
with very large aspect ratios can be fabricated using
microextrusion [9].

0022-2461 © 2001 Kluwer Arademic Publichers

These advances in processing technology open the
door for actuation designers since they are no longer
restricted to simple geometric shapes. One particu-
lar actuation architecture that has benefited is the
telescopic actuator developed by the Naval Research
Laboratory. This architecture was created to generate
forces of the same order of magnitude as stack actu-
ators, while producing 1-20 times the displacement
of & similar length stack. This aids in those applica-
tions that would require very long stacks because of
stroke requirements, which could experience problems
such as buckling. A telescopic actuator is composed of
multiple nested shells interconnected by end-caps al-
ternating in placement between the two axial ends of
the shells (Fig. 1). The shells are activated in an alter-
nating manner, resulting in the expansion {contraction)
of one cylinder while the adjacent cylinders contract
(expand); thus, the architecture “telescopes” outward
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Figure 1 Operation of 2 telescopic actuator—~cylinders alternate in expansion and contraction, thereby telescoping out.

(inward), producing useful amounts of work in the axial
direction.

Although it is possible to construct a telescopic actu-
ator by connecting individual tubes with discrete end-
caps, current processing technologies make it feasible
to construct a monolithic structure. Obviously, there
are advantages to utilizing these solid-state processing
techniques, such as decreased production time, reduced
number of components and elimination of losses in dis-
crete end-caps and bonding layers. Though the advan-
tages of the telescopic architecture can be reaped in
both the d33 and d3; modes of activation, all the actua-
tors discussed in this paper utilize the d3; mode of actu-
ation. All of the cylinders are poled in the radial direc-
tion and are activated such that each cylinder is driven
with a radial potential opposite the potential of the adja-
cent cylinder. This paper presents two novel fabrication
processes well suited to the construction of very com-
plex ceramic structures: injection molding and acry-
late polymerization. To demonstrate the capabilities of
these manufacturing techniques, monolithic piezoce-
ramic telescopic actuators were created. Experimental
results are given for several d3; telescopic prototypes
built using the new processes along with a baseline ac-
tuator built from discrete components and end-caps.

2. Injection molding
Injection molding is widely used in the plastics industry
as a means for rapid mass production of complex shapes
at low cost. It has been adapted for the fabrication of net
shape piezoceramic actuators to provide several advan-
tages over conventional fabrication techniques, includ-
ing: high production rate, uniform part dimensions, uni-
form piezoelectric properties, and reduced fabrication
and assembly costs. Ceramics injection molding was
recently demonstrated as a low cost method for fabri-
cating and simultaneously aligning thousands of iden-
tical PZT rods to produce highly repeatable, low-cost
1-3 piezocomposites for medical imaging and Navy
undersea applications [10]. It is now being adapted for
the fabrication of a telescoping tube actuator that is dif-
ficult to produce by conventional techniques, such as
isostatic pressing, machining, or slip casting [11].

The basic injection molding process used by Materi-
als Systems Inc. (MSI) for PZT transducer fabrication is
shown schematically in Fig. 2 {8]. Materials Systems’
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injection molding process utilizes a heated thermoplas-
tic mix of PZT powder and a wax-based binder. The
binder in the mixture acts as a carrier during molding,
allowing the material to be transferred as a viscous fluid
when subjected to heat and pressure. The hot thermo-
plastic mixture of ceramic powder and organic binder
is forced into a cooled mold creating a net shape green
part (Fig. 3). The molded part is subsequently heated
slowly in air to remove the organic binder. The PZT
shape is then sintered at 1250°C for 1 hour, under con-
trolled atmospheric conditions to achieve the desired
piezoelectric properties.

Fig. 4 is an example of a telescopic actuator con-
sisting of five nested ceramic tubes with five inte-
grated monolithic end-caps. By designing the mold cav-
ity to achieve the final actuator dimensions (18.5 mm
O.D. x 25 mm overall length), no further assembly or
machining is required (Fig. 5). Each sintered part is
subsequently contact poled in five stefs (one tube at
a time) using a field of 1.2 kV/mm through the wall
thickness to achieve a positive polarity on the inner
diameter of each tube. After poling, a permanent nickel
electrode is applied to all surfaces of the actuator. The
four end-caps that connect adjacent tubes and the one
that bridges the inner tube, as seen in Figs 4 and 5, iso-
late the positively and negatively charged surfaces and
allow for the continuous electroding process. However,
the electrode layer on the bottom ring of the outer tube
must be ground off so that two distinct electrodes are
created; to which, wires are attached for the purpose of
activation (Fig. 6). This arrangement reverses the elec-
tric field that is applied to the second and fourth tubes,
causing the structure to “telescope” during actuation.

MSI formulates its own piezoelectric compositions
for enhanced piezoelectric performance, and the injec-
tion molding and proprietary sintering processes en-
sures a uniform and defect-free microstructure (Fig. 7).
Because the process utilizes a liquid feed stock in-
jected under high pressure, the macroscopic voids of-
ten associated with traditional dry powder processing
are eliminated. Furthermore, the isostatic nature of the
process produces a very uniform green microstructure
and green density; therefore, subsequent densification
leads to uniform mechanical properties and part di-
mensions. PZT components routinely exceed a den-
sity of 7500 kg/m® (approaching the theoretical maxi-
mum density). MSI-53HD ceramic’s d33 piezoelectric
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Figure 2 Schematic description of injection molding process—(1) Hot wax-cerarmic mixture in nozzle. (2) Injection of mix into mold. (3) Mix cools
and forms solid part. (4) Net shape green part is ejected from mold. (5) Green part is heated slowly in air to remove organic binder. (6) PZT shape is
sintered in a controlled atmosphere. (7) Sintered PZT shape is contact poled in oil. (8) Permanent electrode is applied.

Figure 3 Green parts—net shape injection molded wax-ceramic pre-
forms.

coefficient was measured to be 725 pm/V, which is sim-
ilar to the MSI-53 used to fabricate the telescoping tube
actuators.

3. Acrylate polymerization

Polymerization is another novel technique that can be
employed for the fabrication of compiex ceramic shapes
by the molding of, or solid freeform fabrication of a
polymerized ceramic slurry [12]. Most of the research
into this polymerizing procedure has been focused on
aqueous polymerization where the solvent utilized is

Figure 4 Sintered actuators—net s