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Piezoelectric Ring-Morph Actuators for Valve Application
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Abstract. This paper presents piezoelectric ring-morph actuators designed to produce a large flexural displacement
for valve actuation application. The ring-shaped piezoelectric plate in the actuator produces a radial contraction
or expansion and causes the center part of the metal disc to generate a large flexural displacement. The PZT ring
creates a space under the metal disc which permits it to bend with a curvature larger than that of the conventional
bimorph in the axis direction of the ring-morph when the PZT ring under the metal disc contracts. A prototype with
diameter of 25.4 mm and thickness of 0.55 mm could produce a total stroke (static displacement) of over 130 um
under a driving voltage of 300 V and a load of 2 N. The maximum generative force of ring-morph actuator was

about 30 N.
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1. Introduction

Piezoelectric actuators can produce relatively large
force with very high efficiency and quick response
speed. However, the available displacements through
the piezoelectric effect are still minute. Current com-
mercial multi-layer piezo-actuators 20 mm in length
can produce a displacement of about 15-17 pum un-
der 100-150 V (over 1 kV/mm) [1]. To obtain a larger
displacement, a mechanical amplifier is needed. The
conventional bimorph type actuators can produce large
flexural displacements; however, their generative force
is very small [1, 2]. Two-dimensional disc type bimorph
actuators have higher generative force than the one-
dimensional bimorph actuators. However, their dis-
placements are not large enough, for example, for valve
applications. Thus, moonies and cymbals were pro-
posed [3-5] by combining the multilayer with flex-
tensional metal endcaps. Ultrasonic motors and inch-
worm type motors [6—8], which use the accumulation
of small displacements with respect to time, have large
stroke and high generative force. However, generally
speaking, their structures are complex and costly. This
paper describes a ring-morph actuator modified from

a disc type bimorph actuator, which is an alternative
structure of cymbals. A significant displacement en-
hancement was obtained compared with the conven-
tional disc type bimorphs. In this paper, theoretical
modeling of the ring type actuator using a finite element
method is introduced and experimental results for static
displacement measurements and load characteristics
are reported. As an application example, this paper
also describes a gas valve design that uses ring-morph
actuators.

2. FEM Modeling
2.1. Model of the Actuator

An exploded view of the ring-morph bimorph actuator
is shown in Fig. 1. The piezoelectric ring is poled in
the thickness direction. Upward or downward flexure
of the metal disc is obtained when a positive or neg-
ative DC voltage is applied to the piezoelectric ring.
The deformation of the PZT ring can be decomposed
into two components: (1) a contraction/expansion
of the ring’s cross-section, which is caused by the
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Fig. 1. Structure of the ring-shaped bimorph actuator (a) Uni-ring-
morph ring actuator. (b) Bi-ring-morph actuator.

radial coupling of the piezoelectric material, and (2) a
constriction/dilatation of the ring itself, which is caused
by the circumferential coupling of the piezoelectric
material. Due to the crystal symmetry of the piezo-
electric material used, both transverse coupling ef-
fects share the same coefficient value (ds3;). How-
ever, the circumference of the ring is much larger than
its radial length, thus the constriction/dilatation effect
has a greater effect on the final deformation of the
actuator.

These two effects either add to each other or cancel
each other, depending on the dimensions of the PZT
ring. For this reason, there exists an optimum of the
actuator’s geometry.

The model considered (Fig. 2) is constituted of a
piezoelectric ring attached to a metal disc. Finite el-
ement models were created with the ATILA software
code to determine optimum relationships between the
dimensions of the piezoelectric ring and the metal disc.
Given the circular shape of the elements and boundary
conditions, the ATILA models were 2D axisymmetri-
cal (Fig. 3). Therefore, only one-half of the actuator’s
cross-section is represented in the mesh. Mechanical
properties of steel or brass were used for the metal disc,
which was considered to be homogenous and isotropic.
The piezoelectric material was PZT-5H where the rem-
nant polarization was oriented in the thickness direc-
tion. Mechanical boundary conditions consisted of a
simple support point at the outer edge of the PZT ring.
An electric voltage was applied across the PZT ring and
used to produce the flexure of the actuator. Figure 4

Fig. 3. Mesh of the actuator.
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Fig. 4. Static deformation obtained with ATILA.

shows the flexure of the ring-morph actuator when a
DC electric voltage was applied.

2.2.  Optimization of the Structure Parameters

Parametric analyses were performed on the dimension
d to study the influence of the ratio d/D on the dis-
placement of the center of the metal plate (d and D are
inner diameter and outer diameter of the piezoelectric
ring, respectively). Results showed that there exists a
d/D value that maximizes the displacement of the metal
plate’s center, as shown in Fig. 5.

From Fig. 5, we see that the FEM analysis con-
firmed important results that we were expecting:
(1) ring type actuators with a d/D that is less than 0.8
and larger than 0.1 have higher displacement than the
conventional disc type actuators (when d/D is close to
zero, the ring actuator becomes a disc-type actuator),
and (2) there exists a d/D value, about 0.7, that maxi-
mizes the out-of-plane displacement of the metal disc
and gives about 20% higher displacement (for soft-
type PZT) than from a disc alone. The experimental
results confirmed the FEM’s prediction. In fact, the
experimental results showed that ring type actuators
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Fig. 2. Geometry of the studied actuator and boundary condition.
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Fig. 5. Normalized displacement (ratio of displacement to its maxi-
mum value) at the center of the actuator as a function of d/D.

had a 30-50% higher displacement than conventional
disc type actuators (see Section 3.3. static displace-
ments in this paper).

3. Experimental Measurements
3.1. Fabrication of the Ring-Morph Actuator

The actuator samples were fabricated by bonding (us-
ing epoxy resin) either one or two piezoelectric ceramic
rings having an outer diameter of 25.4 mm, 12—-17 mm
inner diameter and 0.4 mm thickness, to a thin metal
disc (brass or steel) 25.4 mm in diameter and 0.15—
0.5 mm in thickness. The ceramic rings were prepared
from commercialized soft PZT-5H disc or hard PZT 8
discs (APC Ltd.). A photo of 25.4 mm diameter ring-
morph actuators is shown in Fig. 6.

3.2.  The Properties of the PZT Ceramic Materials

Two types of PZT ceramic materials, soft type (PZT-
5H) and hard type (PZT-8), were used for the ring-

Table 1. Properties of the PZT ceramic materials (from APC Ltd.).
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Fig. 6. Photo of 25.4 mm diameter ring-morph actuators.

shaped actuators experimentally. Their properties are
summarized in Table 1. Generally, soft type piezoelec-
tric ceramic materials have higher piezoelectric con-
stants, such as d3; and ds;3. However, they also have
large energy loss with low mechanical quality factors
under strong electric field.

3.3.  Static Displacement

The static displacement curves of the ring-morph actu-
ators for amechanical boundary condition consisting of
a simple support at the outer edge of the PZT ring were
measured as a function of applied voltage at room tem-
perature using a displacement sensor (Militron, type
1202). The sensor applied a pre-pressing force of 2.0 N
to the center part of the ring-morph actuators during the
displacement measurement. DC voltage was applied to
the actuators in the range from —200 V to 4200 V or
—300 V to 4300 V. After several cycles, the stabilized
data were recorded.

Figure 7 shows displacement-voltage loops of the
soft PZT and hard PZT type uni-ring-morph actua-
tors under a load of 2 N and under £200 V. A max-
imum positive displacement of 54 pum at 200 Volts
and a maximum negative displacement of —44 pum

Piezoelectric coefficient

Young’s

(10-12 C/N) Coupling coefficient . E
- Mechanical modulus, Yy
—ds ds3 k3 k33 quality factor (101 N/m?)
Soft type (PZT-5H) 270 580 0.38 0.74 75 6.1
Hard type (PZT-8) 109 275 0.33 0.68 1400 7.6
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Fig. 7. Static voltage-displacement loops of the soft PZT type and
hard PZT type piezoelectric uni-ring-morph actuators under 2.0 N
load and £200 V.

at —200 Volts with a hysteresis of 32.6% were obtained
for the soft sample. Total travel range under £200 V
was 98 um. This travel range is larger than the other
types of piezoelectric actuators with a similar size. By
using a hard type PZT ceramic ring, we could obtain a
smaller hysteresis. However, its total travel range un-
der 2.0 N load and under £200 V was only 23 um.
For higher driving voltage, £300 V, its total travel
range could be increased to 41 pum, which was still
small.

For comparison with proposed ring-morph actua-
tors, we also assembled some cymbal type actuators,
disc type actuators and ring-morph actuators with the
same stainless steel discs (25.4 mm in diameter and
0.15 mm in thickness), the same soft type piezoelectric
material (25.4 mm outer diameter, 0.4 mm in thickness
and poled along its thickness), and the same assem-
bly techniques. The static displacements for a disc-
shaped unimorph, square-shaped unimorph,' cymbal
type actuator, and two ring-morph actuators were mea-
sured under 2.0 N load and under +200 V, as shown in

Table 2. Structure parameters of the actuators.
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Fig. 8. Comparison of different actuators under 2.0 N load and
+200 V.

Fig. 8. The square bimorph actuator (spring steel plate
size: 25.4 x 12.7 x 0.15 mm?, PZT plate is 0.2 mm in
thickness and thickness poling) was also measured at
4100 V in order to compare displacement. Table 2
gives structure parameters of these actuators.

From the measurements in Fig. 8, we can see that
the two ring-morph actuators exhibit higher displace-
ment both in the positive and negative directions than
the others. The total range (displacement) for the ring-
morph actuator with d/D = 0.5 is 90 um, and the total
range (displacement) for the ring-morph actuator with
d/D =0.64 is 98 um, which is about 50% higher than
the one from the disc type actuator (d/D =0, and total
displacement, 63 pm). The results coincide with FEM
theoretical prediction as shown in Fig. 5: the displace-
ments of ring-morph actuators increase with the d/D
(ratio of inner diameter to outer diameter of a piezo-
electric ring) until the d/D reaches 0.7.

Beam type Disc type Cymbal type Ring type 1 Ring type 2
unimorph unimorph actuator unimorph unimorph
PZT materials (soft type) PZT-5 APCS851 APC851 APC851 APC851
Dimensions of 15%x12x0.2 ¢ =254 $25.4 x 0.4 ¢ =254 ¢ =254
PZT components t=04 t=04 t=04
d/D=0 d/D=0.5 d/D =064
Metal materials Spring steel Stainless steel Stainless steel Stainless steel Stainless steel
Dimensions of metal plates 25.4 x 12.7 x 0.15 ¢ =254 ¢ =254 ¢ =254 ¢ =254
t=0.15 t=0.15 t=0.15 t=0.15

¢: Diameter.
t: Thickness. All units in mm.



In our experiment, the disc type actuator had a
smaller positive (upper) displacement than negative
displacement. However, when using the PZT ring in-
stead of the PZT disc, the positive displacement be-
came larger than its negative one. The reason for this
difference is from the PZT ring structure. The PZT ring
leaves a space at the center of the metal disc and permits
it bending larger in the positive (upper) direction when
the PZT ring under the metal disc contracts. A cymbal
actuator also had large positive displacement; however,
its negative displacement is very small. The unimorph
beam showed a lower total displacement (center posi-
tion of the plate), only 44 pm, under 2.0 N load and
4100 V. In addition, the beam type unimorph actuator
had low load capability.

Figure 9 shows a displacement comparison for the
soft type piezoelectric disc and uni-ring-morph, and
a hard type piezoelectric uni-ring-morph under 2.0 N
load and +300 V. Again, the soft type piezoelectric
ring-morph actuator showed larger stroke than the disc
type actuator. The total stroke for the soft type piezo-
electric ring-morph actuator was nearly 140 yum, com-
pared with the soft type piezoelectric disc type actuator
(~100 pm). The former was about 30—40% higher than
the latter. However, the ring-morph actuator made from
the hard piezoelectric ceramic material had very small
stroke. Though d3; under a small electric field of the soft
PZT ceramic ring was about 2 times that of the d3; of
the hard PZT ring, the total displacement under a large
electric field of the soft ring actuator was 3 times the
displacement of the hard ring actuator. It was rational
that the PZT ring should have contraction/expansion
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Fig. 9. A displacement comparison of soft type piezoelectric disc
type unimorph, hard and soft type piezoelectric ring type unimorph
under 2 N load and £300 V.
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Fig. 10. Displacement comparisons for soft type piezoelectric uni-
ring-morph/bi-ring-morph with different thickness of metal discs,
0.15 mm, 0.24 mm and 0.47 mm, respectively, under 2 N load and
+200 V.

displacements enough large for obtaining large bend-
ing displacement at the center part of the metal
disc.

The stiffness of the metal disc has a significant effect
on the displacement of the ring type actuators. With in-
creasing the metal disc thickness, the bending stiffness
of the metal disc also increases correspondingly. Thus,
it becomes more difficult for the PZT ring to drive the
disc into bending. As a result, the output displacement
of the ring type actuator decreases correspondingly
with the thickness of the metal disc (Fig. 10). How-
ever, the bimorph structure (two PZT rings together
with a metal disc) enhanced its displacement for the
thicker metal disc. Figure 10 shows that for the metal
disc with small stiffness (0.15 mm in thickness), both
unimorph and bimorph ring type actuators had almost
the same displacement, about 90 um. When the thick-
ness of the metal disc increased to 0.24 and 0.47 mm,
the displacement for the ring type unimorph actuator
decreased to 41 pum and 25 pum, respectively. However,
with the bimorph structure, its displacement could be
sustained around 64 pum, and 41 pm, about 56% and
64% higher than the unimorph, respectively.

3.4. Load Characteristics

With a displacement sensor (Militron, type 1202) and a
simple setup for applying force, the load-displacement
characteristics of the ring-morph actuators could be ob-
tained (Fig. 11). The mechanical boundary condition of
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Fig. 11. Load-displacement characteristics of the soft type piezo-
electric uni/bi-ring-morph under 200 VDC.

the actuator was a simple support at the outer circum-
ference of the PZT ring (that means the actuator was
simply placed on a thin metal ring that has the same
outer diameter as the ring-morph actuator). A square
metal beam, m, its one end was placed on the center
part of ring-morph actuator with a point contact, and its
other end was a simple support. Then, with a pressing
force, f, the displacement sensor was pressed against
the end of the beam that was placed on the center of
the actuator. The load, f + 1/2 (W+ m), was applied
at the center point of the actuator when a weight W
was hung on the middle of the beam. The d/D of PZT
rings (soft type) of the actuators was 0.5, and the di-
ameter and the thickness of the metal discs were 25.4
mm and 0.15 mm, respectively. The voltage applied to
the two actuators was +200 V. Experimental results
showed that the maximum generative force of the uni-

Ball valve

Shaft
Chamber

ring-morph at its center point was about 20 N. Ap-
parently, the bi-ring-morph actuator (two PZT rings)
has larger load ability than the uni-ring-morph actua-
tor (one PZT ring). Experimental results showed that
the maximum generative force of the bimorph at its
center point was near 30 N.

4. Application for Valve Actuation

A control valve using two piezoelectric ring-morph ac-
tuators is shown in Fig. 12. The two ring type 1 uni-
morph actuators (their structure parameters are shown
in Table 2) are layered together to obtain a double dis-
placement stroke, and its voltage-displacement loop
under 2 N load and +200 V is shown in Fig. 13. The
maximum displacement under 2 N load and 300 V is
over 100 um in both the upward and downward direc-
tions. The center part at the bottom of one actuator is
fixed at the valve case, and the upper center part of an-
other actuator drives a shaft that is connected to a ball
for ball position control. The ball is pressed against the
nozzle of the valve with a pre-pressing spring, and it
constructs a normal-closed valve.

When a voltage is applied to the two ring-morph
actuators (see Fig. 12), the two layered actuators will
produce a displacement toward the upper direction and
drive the ball in the ‘up’ direction and the valve be-
comes open. By controlling the voltage amplitude ap-
plied to two ring-morphs, the ball position can be ad-
justed, and the gas flow quantity passed the nozzle can
be controlled precisely.

Pre-pressing
spring

Qutlet

Two-layer ring-morph
actuator

Nozzle Case

Fig. 12. Normal-closed valve using piezoelectric layered two ring-morph actuators.
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Fig. 13. Static voltage-displacement loops of the actuator laminated with two ring-morphs for valve actuation.

5. Summary

A ring-morph actuator and a valve actuated by the two-
layered ring-morph actuator have been developed.

® New type ring-morph actuators showed relative large
displacement and driving force. Both the finite el-
ement computation and experimental results con-
firmed that the ring type actuator had a 30%—50%
higher displacement than the disc type actuators.

® Using ATILA modeling, the ring-morph actuator
structure could be optimized. There exists an op-
timum d/D value for ring-morph actuators with a
specific geometry and material, about 0.7, that max-
imizes the out-of-plane displacement of the metal
disc.

® A ring-morph prototype with diameter of 25.4 mm
and thickness of 0.55 mm could produce a total
stroke of 130 xm under a load of 2.0 N and £300 V.
The maximum generative force of the ring-morph
actuator was about 30 N.

® With layered ring-morph structure, total displace-
ment stroke of the ring-morph actuators could be
enlarged further without changing its driving force.

® As a precision actuation element, a layered ring-
morph actuator has been applied to a new valve.
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