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ABSTRACT

Piezoelectric lead magnesium niobate-lead titanate (PMN-PT) single crystal is one of the
most promising materials for electromechanical device applications due to its high electrical field
induced strain and high electromechanical coupling factor. PMN-PT single crystal-based
multilayer stack actuators and multilayer stack-based flextensional actuators have exhibited high
stroke and high displacement-voltage ratios. The actuation capabilities of these two actuators
were evaluated using a newly developed method based upon a laser vibrometer system under
various loading conditions. The measured displacements as a function of mechanical loads at
different driving voltages indicate that the displacement response of the actuators is
approximately constant under broad ranges of mechanical load. The load capabilities of these
PMN-PT single crystal-based actuators and the advantages of the capability for applications will
be discussed.

1. INTRODUCTION

Electromechanical actuators with large stroke, high precision, and high mechanical load
capability are important for shape control, precision positioning, and force control in various
NASA, military and civilian applications [1, 2]. In the past decades, a great deal of effort has
been devoted to developing smart materials and structures with those desired features [3-8]. A
broad range of actuation approaches have been developed, including electro-magnetic,
electrostatic, piezoelectric, electrostrictive, magnetostrictive, shape memory alloy, and thermal
pneumatic [9]. Among these kinds of actuators, the advantages of the solid state piezoelectric
actuators are large electromechanical energy conversion efficiency, broad operation frequency
range, small heat generation and no electromagnetic noise. However, the disadvantage of this
kind of actuator is that it has small stroke. In the 1990s, the relaxor-based single-crystal
piezoelectric materials, such as Pb(MgxNb;.x)O3-PbTiO3; (PMN-PT) and Pb(ZcxNb;.x)O3-PbTiO3
(PZN-PT) with high strain and piezoelectric constant, were discovered [5, 10]. In the meantime,
Newnham et al. [11] invented the concept of flextensional actuator/transducer to achieve the
amplification of the displacement response. Recently, the piezoelectric PMN-PT single-crystal
multilayer stack actuators and the multilayer stack-based flextensional actuators were developed
at TRS [12]. These actuators demonstrated larger stroke and higher precision even at a broad
range of temperatures (<20 to 300K) than the conventional piezoelectric ceramic-based
actuators. This paper focuses on the study of the load capability of these two actuators, and
presents a load capability characterization method. The experimental results demonstrated that
the two actuators keep constant displacement at a broad range of mechanical loads.



2. LOAD CAPABILITY CHARACTERIZATION METHOD

A diagram of the load capability measurement setup is shown in Fig. 1. The actuator was
bonded on a test fixture (A 125 mm X125 mm X 13 mm plate), shown as in Fig. 1 (b),
mechanically fixed on a 3-D stage with 5 minutes epoxy. The mass set was on the top of the
measured actuator and attached with a piece of double tape. The mass center and the center of
the actuator were aligned in one line to stabilize the mass. A piece of Polytec reflective tape
(Polytec PI, Inc.) was attached on the center of the mass (or on center of the actuator for the case
of load=0). The displacements were measured utilizing a laser vibrometer. In order to increase
the resolution of the laser vibrometer, a lock-in amplifier was used to pickup the signal as shown
in Fig. 1 (a). With a lock-in amplifier, the displacement resolution of the laser vibrometer system
can go down to 0.5 nm.
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Fig. 1. Diagram of the load capability test setup. (a) Overall measurement setup and (b)
detail of the mass set applied on the actuators during measurements
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Fig. 2. Piezoelectric single crystal multilayer stack actuator. (a) Diagram of the multilayer stack,
and (b) picture of the multilayer stack actuator



3. LOAD CAPABILITY OF MULTILAYER STACK ACTUATOR

The piezoelectric single crystal multilayer stack actuator is shown in Fig. 2. The
parameters of the stack actuator are listed in Table 1. In order to eliminate the depoling effect on
the piezoelectric single crystals, the single crystal stack actuator must be operated at a positive
voltage. Since the laser vibrometer is measuring the dynamic motion only, a DC bias voltage
and AC sinusoidal voltage were combined to drive the actuator. A 300V DC bias is applied
during measurement. The AC signal ranged from 0 to 200 Vms [566 V,p (peak to peak value), 1
Vims=2*2%° V). The measurement frequency is 0.5 Hz.

The measured displacement as a function of load at different AC signal is presented in
Fig. 3. The displacements are almost constant in the measured load range for a given voltage.

The comparison of displacements as a function of AC signal for the load-free case and
with 3.07 kg (6.8 Lb) load is shown in Fig. 4. The displacement reduction is very small for the
actuation with 3.07 kg load.

The measured results indicate that the piezoelectric single crystal multilayer stack
actuator has a high mechanical load capability for motion controls.

Table 1. Parameters of stack actuator

Dimensions layers Thickness of each layer Drive voltage range
Length width height
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Fig. 3. Displacements as a function of load  Fig. 4. Displacements as a function of applied
for single crystal stack actuator at different ~ AC voltage with 300 V DC bias at different load
AC signal with 300 V DC bias.



4. LOAD CAPABILITY OF SINGLE CTRYSTAL STACK-BASED FLEXTENSIONAL
ACTUATOR

The diagram of the piezoelectric single crystal multilayer stack-based flextensional
actuator is shown in Fig. 5 (a). The deformation of the multilayer stack in the X direction will be
amplified to be a large displacement in the Z direction by the metal shell of the flextensional
actuator. The amplification of the flextensional actuator is dependent on the geometry of the
metal shell [13]. The picture of a real flextensional actuator is presented in Fig. 5 (b). The
parameters of the measured flextensional actuator are listed in Table 2.

In order to eliminate the depoling effect of the piezoelectric single crystal, the
flextensional actuator must be operated at a positive voltage. Since the laser vibrometer is
measuring the dynamic motion only, a DC bias voltage and an AC sinusoidal voltage were
combined to drive the actuator. A 200 V DC bias was applied during measurement. The AC
driving voltage ranged from 0 to 120 Vms (340 Vyp). The measurement frequency was 1 Hz.

The measured displacement (peak to peak) as a function of load at different AC driving
voltage is presented in Fig. 6. The displacements are almost constant over the measured load
range for a given voltage applied.
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Fig. 5. Piezoelectric single crystal multilayer stack-based Flextensional actuator
(a) Diagram of the actuator, and (b) picture of the real flextensional actuator.

Table 2. Parameters of flextensional actuator

Dimensions layers Thickness of Drive voltage
_ _ each layer range
Length width height
Active element 15 mm 5mm 5mm 30 0.5mm 0V-500V
Overall of the 27 mm 10mm 13.5mm

flextensional actuator




A comparison of displacements as a function of AC driving voltage without load and
with 3.07 kg (6.8 Lb) load is shown in Fig. 7. There is no significant displacement reduction
obtained for the actuation with 3.07 kg load.

The experimental results indicate that the piezoelectric single crystal multilayer stack-
based flextensional actuator at a given driving voltage, exhibits the same displacement over a
wide range of mechanical loads. This demonstrated that the single crystal-based flextensional
actuator has load capability. This experiment gives us confidence to apply the piezoelectric
single crystal multilayer stack-based flextensional actuator to various dynamic control
applications.
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Fig. 6. Peak to peak displacement as a function of load for single crystal flextensional
actuator at different AC (1 Hz) driving voltages with 200 V DC bias.
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Fig. 7. Displacements as a function of applied AC voltage at two different loads.



5. SUMMARY

In summary, a new mechanical load capability characterization method for actuators was

developed. This method can be used to more effectively evaluate a wide range of solid state
actuators. The mechanical load capability of the piezoelectric single-crystal multilayer stack
actuator and the multilayer stack-based flextensional actuator were evaluated. The experimental
results indicate that the displacement responses of the two actuators stay almost constant at a
broad range of mechanical loads. This feature of the two kinds of actuators demonstrated that
they may be useful for various mechanical controls.
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