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Abstract. Two types of encapsulated lead zirconate titanate (PZT) composite hydrophones have been built and
tested: a straight walled 1-3-0 PZT composite design and a curved wall 1-3-0 PZT design. The solid freeform
fabrication (SFF) technique was used to construct the polymer encapsulation for the two prototype designs.

In the 1-3 composites ‘soft’ PZT bars are embedded in a polymer matrix with a surrounding air gap. The polymer
encapsulations were fabricated on a SFF stereolithography machine in order to enclose the gap and the PZT. Air
gaps between the polymer and the PZT were shown to increase the hydrostatic piezoelectric response (dh) by
absorbing the lateral hydrostatic stress. Because of the small percentage of PZT, these composites had a low density
(neutral buoyancy), low dielectric constant, and, therefore, a lower dielectric constant, and a corresponding higher
hydrostatic voltage coefficient, gh.

The curved-wall composite design decoupled the PZT component more effectively from the lateral pressure,
and thereby improved upon the direct piezoelectric effect. The large cap surface and the curved-wall further im-
proved the amplification of the mechanical loading on the PZT element. The effective hydrostatic charge coeffi-
cient dh, reached about 1100 pC/N which amplified the d33 coefficient, and greatly enhanced the dhgh figure of
merit.

Introduction

Many hydrophones use piezoelectric ceramic as the ac-
tive material for low-frequency acoustic wave transduc-
tion [1]. The sensitivity of a hydrophone is determined
by the voltage that is produced via hydrostatic pressure
applied to the transducer [2]. Hydrostatic piezoelec-
tric voltage coefficient (gh) can be determined from the
following equation [3]:

gh = dh/K33εo (1)

where dh is the piezoelectric hydrostatic charge coeffi-
cient, K33 is the dielectric constant in the poling direc-
tion, and εo is the permittivity of free space. The prod-
uct of the dh and gh coefficients is used as the figure of
merit for evaluating a material for use as a hydrophone.
A high gh coefficient and low dielectric constant are
desirable for a sensitive hydrophone. Furthermore, the
piezoelectric element within the device should match
the acoustics of the water. The hydrophone should also

be rugged enough to withstand mechanical shock from
sudden pressure fluctuations [3].

Among many possible piezoelectric materials, lead
zircornate titanate (PZT) has been extensively used in
hydrophones but it also exhibits several disadvantages
[1, 3]. PZT has a very high value of the piezoelec-
tric charge coefficient, but the hydrostatic coefficient
dh (= d33 + 2d31) is very low because d33 and d31 have
opposite signs and d33 ≈ −2d31. The hydrostatic gh co-
efficient is also low because of the high dielectric con-
stant of PZT-5H [3]. These decrease the value of the
figure of merit dhgh. Piezoelectric composites, which
consist of a piezoelectric ceramic in an inactive poly-
mer, have been the focus of much research work in the
last two decades in order to overcome these disadvan-
tages. Numerous devices and structures with various
arrangements and connectivity have been studied and
explored for different applications [3]. Among a vari-
ety of the approaches, piezoelectric transducers with
enclosed void show several special advantages, includ-
ing low acoustic impedance, reduced mass, sensitivity
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to weak hydrostatic waves, and enhanced displacement
through flextensional and rotational motion [4]. Some
piezocomposites with enclosed void show exceptional
hydrostatic sensitivity [5–8].

In order to assist in the fabrication of these de-
vices, computer aided design (CAD) and manufac-
turing (CAM) techniques have been enlisted. Solid
Freeform Fabrication is the machine capability to con-
vert computer aided designs (virtual objects) to solid
objects without part-specific tooling. It offers the op-
portunity to build near net parts with a variety of ma-
terials and different designs. The application of this
technology also appears to have potential in possible
small scale production of parts having complex and
unique geometries [9].

This paper focuses on techniques used in the fabri-
cation of the polymer encapsulation for piezoelectric
ceramic composites via the SFF technique. SFF was
applied solely to the construction of the polymer walls
surrounding the PZT in order to achieve an improve-
ment in the performance of hydrophone. Hydrostatic
piezoelectric properties of these structures have been
evaluated.

PZT—Polymer Composite

A 1-3-0 type piezoelectric ceramic–polymer composite
was built as a 4 × 4 matrix with 16 embedded PZT bars
acting as active elements. The polymer matrix serves as
the supporting structure with air gaps around the PZT
bars partially isolating them from lateral stresses. The
polymer matrix also adds flexibility to the structure and
reduces density and dielectric constant. A schematic of
the 1-3-0 composite is shown in Fig. 1.

A CAD program was used to design the polymer
matrix, which was then built on a stereolithography
machine with a CAD generated. STL file. This unit was
supplied by 3D Systems of Valencia, CA. A proprietary
formulated SL 5170 photo-curable polymer was used
in these builds. Each layer was green cured via a ‘low’
energy laser exposure and then each subsequent layer

Fig. 1. Schematic of the 1-3-0 composite. units: mm.

was applied above the previous layer. The final geome-
try was, thereby, ‘built-up’ from two dimensional pla-
nar slices. After the initial exposure, the laser-generated
matrix was cured for another 24 hours.

Each 15-gram mixture was pressed into a 25 mm ×
25 mm × 5 mm rectangular pellet under a pressure
of ∼56 MPa perpendicular to a large flat surface. Dur-
ing sintering, the plates were heated from room temper-
ature to 1300◦C for 1 hour [10]. In order to make up for
the volatilization of the PbO from the PZT, 5–8 grams
of lead zirconate powder was spread across the bot-
tom of the crucible before sintering [10]. To avoid the
problems of structural defects in the PZT-5H bulk, the
sintered PZT-5H was cut in half lengthwise and poled
separately. The PZT-5H pellets were then cut again with
a diamond saw into smaller bars and polished to ob-
tain flat surfaces. After cutting and polishing, the PZT
bars were about 3–4 mm longer than the thickness of
the polymer matrix. The poled PZT bars were then in-
serted in the polymer matrix with 1.5–2 mm extending
on each side of the matrix. A thin layer of fast drying
epoxy (Devcon, Desplaines, IL) was applied to the two
large surfaces of the composite and the PZT bars were
displaced back and forth slightly to permit the epoxy to
fill the interface between the PZT and polymer matrix,
thereby ensuring the quality of the seal. The encap-
sulated parts were put in air for 5 minutes to let the
epoxy dry. A vat of two-part epoxy (METLAB Epoxy
Kit, Metlab, Niagara Falls, NY) was prepared and the
dried parts were placed into the vat in order to cover the
top and the bottom of the composite. To retain the air
gaps in the structure (and to remove bubbles from the
epoxy), the vat was placed into a vacuum. Afterwards,
the vat of epoxy, with parts inside, was cured in air for
24 hours increasing the reliability of the seal between
the air gaps and the surface. After the curing, all com-
posite parts were removed, cut and polished into the
final shape.

An electrode material (Ablestik FSCM 21109, Elec-
tronic Materials & Adhesives, Rancho Domingvez,
CA) was applied on the two main surfaces of the com-
posites, then put into an oven at 70◦C for 1 hour to cure
the epoxy. Two wires were attached onto each side of
the electrode area using the same electrode material.
The assembled 1-3-0 composite is illustrated in Fig. 2.

The d33 coefficient was measured at a frequency of
100 Hz using a Berlincourt d33 meter. Depending on
the sample size and the arrangement of PZT bars, 64
measurements were made on each sample. Typically,
a grid was drawn on the surface and measurements
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Fig. 2. Fully assembled 1-3-0 composite.

were taken at the center of each of the grid squares.
The average of the 64 readings was regarded as the d33

coefficient. The dielectric permittivity was determined
from the capacitance at 400 Hz using an impedance
analyzer. Average values of d33 and relative dielectric
constant from nine samples were 352 pC/N and 540,
respectively. The difference between the experimental
and theoretical values of d33 for PZT-5H may result
from insufficient stress transfer between the polymer
and the PZT rod. This effect could be minimized by
reducing the distance between the PZT bars or by using
a face plate.

A hydrostatic pressure chamber was used to mea-
sure the hydrostatic piezoelectric coefficient, dh. The
hydrostatic piezoelectric properties were plotted as a
function of hydrostatic pressure in Fig. 3(A) and (B).

As shown in Fig. 3(A), at pressures above ∼0.7 MPa
(100 psi), the average dh and gh values of the
hour samples stabilized at about 145 pC/N and
32.7 × 10−3 Vm/N, respectively, over a pressure range
from 0.7 to 1.5 MPa (100 to 200 psi). These results in-
dicate that these 1-3-0 composite prototypes achieved
some isolation from the lateral hydrostatic pressure but
their performance would not place them beyond other
1-3 type composites with foamed cavities. The poly-
mer matrix and encapsulated air gaps helped to decou-
ple the negative contribution from lateral directions and
enhance the hydrostatic piezoelectric response of the
composite as a whole but was not without its prob-
lems. The intergrity of sealing was very important.
The strength of the sealant layer, designed to main-
tain the air gap and decouple the contribution from lat-
eral directions, played a critical role in this composite.
Because of the difference in compliance between the
PZT-5H and the polymer matrix at these pressures, the
difference in strain caused significant shear stress to

Fig. 3. Composite hydrostatic piezoelectric properties as a function
of hydrostatic pressure. (A) dh and (B) gh.

develop and induced the rupture of the seal at the inter-
face. Up to three broken air gaps were found in most
samples which reduced the hydrostatic response of the
composite. Further emphasis needs to be placed on the
sealing methods and materials at the polymer and ce-
ramic interfaces.

Wiggle Hydrophone

A second type of SFF composite device was studied in
order to try to improve the hydrostatic response of the
1-3-0 type hydrophone. We reasoned that if a contoured
wall could be manufactured with the SFF technique we
could redirect the lateral forces and improve upon the
d33 response of the hydrophone. This was attempted
with a modification of the 1-3-0 design which was made
possible by the solid free-form method. In this design a
curved-wall structure encloses the PZT-5H bar entirely
within a smaller ‘narrowed’ air cavity. The main idea
of the curved-wall structure is to aid in the mechanical
amplification of the hydrostatic response of the en-
closed piezoelectric element by creating tensional side
wall stresses. The curved side-wall acts as a membrane
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Fig. 4. Schematic of wiggle structure. units: mm.

under hydrostatic pressure and the displacement of the
side-wall draws the two end caps towards each other,
thereby inducing additional pressure on the PZT rod
along its axial direction and amplifying the hydrostatic
load. As a result, the overall hydrostatic piezoelectric
response of the structure will be increased. The design
requires that: (a) the top cap is very stiff so that the stress
applied to the cap can be transferred effectively to the
PZT element, (b) the side-wall is compliant so that it
will not carry significant axial compression forces, and
(c) the lateral pressure on the side-walls can be trans-
ferred to the PZT by tension forces. A schematic of the
design is depicted in Fig. 4.

Because the PZT-5H bar and the curved wall are now
acting to turn the negative piezoelectric contribution
from the 1 and 2 directions into a positive contribution
this encapsulation method may improve upon the orig-
inal rigid wall design. Therefore, the hydrostatic coef-
ficient dh should approach that of the ideal d33 value.

The polymer walls (cover) and the end caps of the
‘wiggle’ hydrophone were designed and fabricated us-
ing the same stereolithography apparatus used in the
straight wall design, the difference being the extremely
thin sidewalls that were layered or ‘wiggled’ into po-
sition. Each layer was offset a small distance from the
layer below to form the curved structure. In this way
a thin almost membrane-like sidewall was built. Many
iterations were required to develop a successful design.
The SFF technique was an excellent tool for these in-
termediate design studies. This enabled us to optimize
a final design to help increase the sensitivity.

The active ceramic elements were cut into the exact
sizes for the fabrication process, two identical electric
leads were attached to the electrode surfaces, with one
hour required to cure the electrode epoxy in an oven

Fig. 5. Assembled wiggle hydrophone.

at 70◦C. Thin layers of fast drying epoxy were applied
onto the interfaces between the PZT bar, polymer cover,
and the end cap in order to seal the device. To ensure the
connectivity and encapsulation was successful, a 10 kg
force was applied on both ends and held for 10 minutes.
A schematic of the assembled ‘wiggle’ hydrophone is
shown in Fig. 5.

The piezoelectric performance was evaluated with
two PZT bar areas (cross sectional area) shown in
Fig. 6 (A) and (B). The different size of the interface

Fig. 6. “Wiggle” piezoelectric properties as a function of hydrostatic
pressure. (A) dh and (B) gh.
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between the PZT-5H bars and the polymer caps results
in different pressures applied onto the bars. We tested
four samples with a PZT area of ∼4 mm2, and in the
second we tested eight samples with an area of ∼6 mm2

each. The hydrostatic piezoelectric charge coefficient
dh, and the voltage coefficient gh are plotted in Fig. 6(A)
and (B) for each hydrophone element.

The samples showed stable performance under hy-
drostatic pressure, and no breakage was found after
measurements. As shown in Fig. 6, for pressure up to
1.4 MPa (200 psi) the hydrostatic response is nearly
constant, with the average dh of the smaller bar (4 mm2)
yielding around 1055 pC/N, while that of larger area
group (6 mm2) was 752 pC/N. Comparing the dh of the
hydrophone to the d33 of a single PZT bar, the piezo-
electric contribution from the lateral directions seems
to be successively decoupled with further amplifica-
tion of hydrostatic piezoelectric charge coefficient be-
ing achieved using this design technique. As expected,
the smaller electrode area, yielded the higher piezo-
electric response.

Finally, we must note that there are certain design
and fabrication problems which must be controlled
when building SFF encapuslated composites. Among
the most critical are:

1. The structural alignment of the PZT within the en-
capsulation,

2. The lamination quality and surface curvatures, and
3. The tolerances of the walls and the endcaps espe-

cially near their interface and with respect to the
ceramic.

Conclusion

Compared to other hydropone designs the encapsula-
tion of 1-3-0 and wiggle hydrophones via SFF shows a
wide range of hydrostatic response from 145 pC/N to
1055 pC/N depending on the specific geometry of the
ecapsulation. Of course, these performance figures are
dependent on the size of the hydrophone and must be
compared to similarly sized devices for determination
of their relative performance and their possible applica-
tions. Surrounding air gaps in our initial straight walled
design showed performance gain (145 pC/N) over
the control sample (70 pC/N), but sealing problems
would still need to be addressed. The structure of the
wiggle hydrophone mechanically amplifies the hy-
drostatic piezoelectric response of PZT-5H by using

Fig. 7. Comparison of dhgh of various composites.

a complaint wall and shows the best performance
improvement (1055 pC/N). In Fig. 7 we compare these
and other composite hydrophone designs to demon-
strate shows their approximate figures of merit [11].

Most composite devices are manufactured by more
conventional forming methods. In this study, the Solid
Freeform Fabrication technique was used to form di-
mensionally curved polymer parts, thereby, improving
the composite design, saving time and minimizing hu-
man interference. This technique offers an approach
where more complex design configurations may be
attempted. The success of building simple designs
with curved surfaces for amplified hydrostatic re-
sponse shows that both the solid free-from method and
computer-aided design can contribute to hydrophone
technology.
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