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Abstract

Two typical characteristics of direct piezoelectric actuators are displacements of ten micrometers and high stiffnesses.
Recently, multilayer actuators have been improved, and they now display strains of approximately 1200 ppm at low
excitation levels (less than two hundred volts). Thus, they are well suited to perform precise positioning of optical devices.
But for industrial needs, this performance is still insufficient for positioning devices with larger displacements (in the range
of several hundred micrometers).

Numerous designs of mechanical amplifier devices based on the use of flexural hinges have been proposed. Due to
their low stiffness, these devices cannot be used in space applications because they would not survive during takeoff.

The amplified piezoelectric actuator which we designed and tested, eliminated the low stiffness drawback and ensures
good force transmission. Due to the stiffness of the amplifier, the efficiency of the electromechanical transduction is
significantly higher than those of conventional amplifier mechanisms.

To design this actuator, we performed a numerical finite element simulation that included the piezoelectric effect.
Among other things, this model shows the displacement as a function of the excitation and the electrical admittance. The
static and the dynamic behaviors were determined. The main features of the actuator are a no-load displacement of 180 um
and a stiffness of 5 N/m. These characteristics were experimentally verified using an electromechanical test bench
including a laser Doppler interferometer, thus confirming the design method. Technological aspects, like the compressive
force applied to the piezoelectric material, were considered.

Many applications for this amplified actuator already exist. For example, an active mechanism using this actuator can
be used to tilt a mirror. Another application of the amplified actuator is in the field of active damping of structures. In this
case, the actuator is connected to a resistive shunt so that electrical damping is obtained through the direct piezoelectric
effect. The experimental results show that the actuator is interesting because of its high electromechanical coupling, and,
consequently, its ability to perform active damping.

Introduction

Applications of Induced Strain Actuators (ISAs) are increasing in various fields of engineering such as precise
positioning [1], intelligent control of shapes [2], and active damping of vibrations {3]. Among the various ISAs, which
include piezoelectric, electrostrictive, magnetostrictive, and even shape memory effects, the piezoelectric actuators are the
most popular, probably because of their simple and versatile design.

In the past, ISAs performed poorly, mostly because their strain levels were too small and they required high electrical
fields. Moreover, deficient designs seldom, if ever, took advantage of the ISAs’ high force potential.
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Figure 1: a/ View of various types of CMAs. . |
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b/ Schematic of the intemnal construction of a CMA.
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: Maximal static
Young’s Coupling hanical O - ;
Active material modu%us coefficient — induced strain
Bulk hard-type 55 GPa 0.65 300 200 ppm
PZT
CMA soft-type 30 GPa 0.75 20 1,200 ppm
PZT
Terfenol-D 25 GPa 0.70 10 2,000 ppm

Table 1: Active materials’ properties.

volts [5, 6]. Although the performance of the
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One of the objectives of this work is to obtain accurate data that i i
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Mechanical Amplifier Structures
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Figure 2: Example of a conventional mechanical amplifier structure using flexural hinges.

rin'I.'oloveroome the problemg relatec} to t.he use of flexural hinges, we propose the application of the flexural-extensional
ph 11c1p e pregen@d in [8]. Briefly, this principle consists of using a longitudinal piezoelectric actuator and an elliptical
shell as seen in Figure 3. Such an actuator presents the following advantages: ’

the displacement magnification and the stiffness are functions of the eccentricity of the shell;

the bending behavior of the shell unde ; - ) -
in the amplifier; ) T the piezoelectric actuation allows for an acceptable distribution of stresses

it allows for mechanical impedance matching and a good electromechanical coupling.

\l/ Elfiptical shefl

Figure 3: Flexural-extensional principle.

Design and Modeling

We used the FEM software program, ATILA [9], to design this actuator. ATILA is a CAD tool dedicated to modeling
structures using piezoelectric, magnetostrictive and electrostrictive materials. Due to the strongly coupled formulation
ATILA uses, the mechanical displacements versus electrical excitation and the electrical admittance of the device can be
extracted from the model, either in static or in dynamic conditions. A modal analysis of the system gives the resonance
frequencies and the corresponding electromechanical coupling coefficients. We also used the results of the FEM
computations to derive the equivalent electromechanical cirucuit of the actuator.

Figure 4: No-load displacements (solid lines are exaggerated for a clearer view) and structure
at rest (dashed lines) as computed with ATILA.

We designed several different APAs using ATILA. The strained structure of an APA with a no-load condition was
obtained from the FEM computation and is shown in Figure 4. Figure 5 compares the properties of the APAs with those of
conventional piezoelectric actuators. When their high levels of displacement are combined with high forces, the proposed
actuators achieve displacement amplifications of 2 to 5 and have a high efficiency.
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Figure 5: Performance of the APA.
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Figure 6: Experimental setup. I
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Figure 9: Open-loop behavior of the APA (the inertia load is 1 kg).
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Figure 10: Measured displacement versus voltage, including the hysteresis of the APA
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Precise Optical Pointing Using APAs

The main advantages of piezoactuators are positioning accuracy and low energy consumption. The control loop must
be able to remove the hysteresis of the actuator (Figure 10), which is very large in soft-type piezoceramics. The APA can be
used to tilt a mirror and/or control its focus. For example, as shown in Figure 11, three degrees of freedom can be
controlled in an active mechanism using three APAs.

Figure 11: Example of an active mechanism using three APAs.

Semi-Passive Damping of Vibrations Using APAs and Passive Electrical Networks

Another promising field of applications of the APA is vibration damping. In the approach presented hereafier, APAs
are tested as "semi-passive’ dampers. We use the term 'semi-passive' because the vibration isolation technique is based on an
active material and a passive electrical network (which does not require a power supply). The direct piezoelectric effect of
the APA is used to dissipate the vibration energy through a resistive shunt or a tunnel electrical network [10]. This
technique is interesting because it does not require a power supply.

—c“—b -~ iru:?

Figure 12: Electromechanical scheme of the 'semi-passive' piezoelectric damping.

The dissipation of the vibration energy can be quantified by considering the electromechanical scheme of the actuator
(Figure 12). In such a circuit, the capacitance C accounts for the inverse of the actuator’s stiffness; the resistor R represents
the mechanical damping; and the inductance L plays the role of the inertia. The capacitance Co is the clamped capacitance
of the piezoelectric material, and the resistor Ro accounts for the dielectric losses. The connected electrical network
contains a resistor R, and a matching inductance L,. It must be noted that the electrical components, when converted into
mechanical quantities, are affected by the system’s force factor (also called the electromechanical transformer ratio). The
force factor is proportional to the electrical coupling coefficient of the actuator. One interesting aspect of the design method
is that all the previous parameters can be computed by the Atila software program. For instance, the quality factor of the
actuator can be calculated as a function of the actuator’s parameters and the value of the resistive shunt. The higher the
electromechanical coupling coefficient, the more efficient the resistive damping. Figure 13 compares the computed and

measured quality factors as a function of the shunted resistor, and shows that the optimal components have been correctly
estimated.
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Figure 13: Quality factor versus coupling coefficient and resistive shunt.

We have confirmed these computed results experimentally: Figure 14 displays the transfer fmy:tion of Qe APA fqr two
electrical networks. We designed the APA described in Figure 14 for an application in which a high coupling coeﬁ'lqent
was a great advantage and where it reduced the vibration level by 28 dB.
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Figure 14: Measured transfer functions of the APA for different resistive shunts.

Conclusion

i i i i . Typical measured values of this
We have proposed, designed and tested a new Amplified P1ezoe}ectnc Actuator.
actuator are a displacement of 180 um at no-load condition and a stiffness of S N/m. These measured values are very close
to the calculated values, and they validate the design models that we developed.

i ificati issi higher electromechanical
The concept of mechanical amplification allows for a good forog transmission and a _ i
transduction efficiency than those of conventional amplifier mechanisms. The APAs are cumemly bex.ng used in two startup
applications: fine positioning and semi-passive damping of vibrations. As. proven by_ the 28 dB vibration reduction
obtained, the latter greatly benefits from the high electromechanical coupling coefficient of the APA.
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