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In this paper, the static and dynamic characteristics of piezoelectric
actuators (micromanipulator) are investigated theoretically and
experimentally. A physical measurement setup is established for bimorph
bending actuators. The actuator deflection is calculated for different
driving voltages and compared with the measured values. Transient
response due to a step input was very fast, the bandwidth obtained was
101Hz.The Transient, and frequency responses are obtained under
different operating conditions.
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NOMENCLATURE
o (x) The bending angle at any position P vector of electrical polarization
x (rad) (C/m?®)
d s  Piezoelectric Coefficient (mm/V) VvV Applied voltage (V)
E  vector of electric field (V/m) W Width of piezoelectric actuator
(mm)
H  Thickness of piezoelectric actuator 5 () The deflection at any position x
(mm) (mm)

L Length of bimorph actuator (m)

1. INTRODUCTION

Piezoelectric materials are a good choice for systems such as micromanipulators due to
their fast reaction times and miniaturization possibilities [1]. Piezoelectric actuators are
becoming increasingly important in today’s positioning technology [2]. Piezoelectric
bending actuators, such as bimorph has been widely used in areas related to precision
position control, loud-speakers, vibration damping, noise control, relays, phonograph
pick-up, acoustics, and pressure sensing [3]. Piezoelectric actuators have several
advantages such as quick response, large generative force, and high electromechanical
coupling [4].This research presents a single-degree-of-freedom micromanipulator
suitable for space robots applications requiring lightweight, simplicity, and immunity
from magnetic fields [5]. End effectors of space-based robots must also be simple and
lightweight. Therefore, a piezoelectric bending actuator is an ideal solution for an end
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effector. An Important characteristic of a piezoelectric bending actuator is the
deflection of the bender’s tip dependent on an alternating driving voltage. Many
studies have been done on studying the behavior of piezoelectric actuators; the
investigation of the nonlinear behavior of piezoelectric bimorph structures under
exposure to high electric fields takes place both, in analytic and experimental form [6].
The modeling of asymmetrical piezoelectric bimorph structures is discussed and the
static behavior regarding the expected bending moment is determined [7]. An
analytical description of the free tip deflection of a piezoelectric bimorph by means of
matrix calculus is presented [8]. The universal deformation state equations to trimorph
bending structures are extended [9, 10]. The Free tip deflection of piezoelectric
multilayer beam bending actuators under the influence of an electrical load is presented
[11]. The dynamic behavior of a bimorph bending structure excited to bending
vibrations by external harmonic forces, bending moments, pressure loads and electrical
driving voltages is described [12]. A dynamic driven bimorph with a flexible plate
attached at the free bender’s tip is extended [13]. The system of differential equations
describing the dynamics of a bimorph is formulated [14].

The present work aims to evaluate the behavior of the piezoelectric
micromanipulator under different input voltages. This micromanipulator is suitable for
handling small objects. Section 2 presents the basics of bimorph actuators and the
equations of deflection and bending. Section 3 presents the experimental setup with all
system components. Section 4 contains theoretical and experimental results and
discussion. Section 5 contains the mechanism of micromanipulator. Finally a
conclusion of this work is given in section 6.

2. PIEZOELECTRIC BIMORPH BENDING ACTUATOR

Bimorph actuator is one of the most widely used bender actuators in both academic
studies and industrial applications. The application of bimorph actuators includes
piezoelectric switches, relays, valves, pumps, motors, printer heads, piezoelectric fans
and quick focusing lens. The bimorph actuator is usually fabricated by sticking two
piezoelectric plates. It has two configurations different in poling direction and wire
connections: series and parallel. The series bimorph is antiparallelly poled and wire
connected at the top and bottom electrode. The parallel bimorph is unanimously
parallelly poled and wire connected at the top, inner and bottom electrodes. The top
and bottom electrodes are applied with the same electric potential [15]. Bimorph
actuator is a special case of multilayer bending actuator. The basic geometry of
bimorph actuator is shown in Fig. (1). In this figure two piezoelectric layers are bonded
together in the same polarization. The basic dimensions and extensive parameters are
appeared. After applying an electric field, the bimorph actuator will be deflected as
shown in Fig. (2).
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A

Figure (1) Basic dimensions, extensive parameters, polarization, and applied electric
field acting on the Bimorph actuator

Neutral
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Figure (2) Basic intensive parameters of Bimorph actuators after applying electric field
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The analytical bending curvature and analytical bending angle of the bimorph system
are given by [16].

3. EXPERIMENTAL SETUP

The complete experimental setup of the piezoelectric bimorph actuator including all
components and sensors is clearly shown in Fig. (3). The apparatus consists of a
piezoelectric bending actuator [16], mounted to a mechanical breadboard and driven by
a piezo-linear amplifier (Model EPA 007). The EPA-007 is a very compact high
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voltage linear non-inverting amplifier [17], which is used as a high voltage drive
source for the piezoelectric actuating device. The manipulator position is measured
using a commercial high-resolution capacitive position sensor mounted on a carriage
moving with lead screw [18]. A DC power supply and function generator are used to
generate drive voltages to the piezo driver. A piezoelectric bending actuator consists of
two layers of piezoelectric material bonded together with opposite polarity in the form
of a cantilever beam. The application of an electric field to the actuator causes one
layer to extend slightly and the other layer to contract slightly in x direction as shown
in Fig. (2). The differential length causes the beam to bend towards the contracting
layer. By regulating the applied electric field precisely; it is possible to control the
movement of the beam tip. The tip of this particular bimorph actuator has a range of
motion of + 1.26 millimeters [17].

Dc power Dc power
supply for Function supply for Oscilloscope

driving generator driving
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actuator

electronics
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Piezoelectri amplifier
c actuator

Figure (3) Photographic view of the experimental setup

A general layout of the experimental setup is shown in Fig. (4). A Piezoelectric
actuator is driven by applying a voltage V to have a certain deflection 9, at the tip of
the actuator measured by a position sensor, carried on a moving carriage. A lead screw
of 1 mm pitch is used in moving the carriage along the length of the actuator.
Calibration curve of the sensor is shown in Fig. (5).

s
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Figure (4) General layout of the experimental setup
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Figure (5) Calibration curve of the position sensor
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4. RESULTS AND DISCUSSION

The approximate linear input-output relationship between the applied voltages V to
bimorph actuator and the output deflection J ( x ) was measured, as diagrammed in
Fig.(6). This relation shows the static displacement of a cantilevered bimorph actuator
at the tip position (x=L). Figure (6) indicates that the displacement is linearly
proportional to the applied voltage.
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Figure (6) The static deflection of a bimorph actuator at x=L versus the applied voltage
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Figure (7) Transient response due to step different voltages (a), (b)

The displacement response of the actuator due to different voltages are shown
in Fig. (7) (a), (7) (b) respectively. From the measurement result in Fig. (7) (a) the rise
time is approximately 5.8 ms and 6.1 ms in Figure (7) (b).
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Figure (8) (a) Sine wave signal v =3 V.,f =1Hz (b) Square wave signal v=3 V.,f=1H
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Figure (8) shows the representive dynamic displacement response under
different Ac driving signals of the actuator where the frequency and the amplitude of
the driving signals are 1 Hz and 20 V, respectively.These results are measured using
osilliscope (DSO3152A Agilent Technologies). One can clearly see that in the output
response of the square-wave a fast transient vibration accompanying displacement
overshoot at the front edge of the square —wave driving voltage. Sine-wave output
signals shows a good response rather than square-wave signals. Therefore,it is better to
select a sine —wave as a control signal for dynamic precsion positioning.
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Figure (9) Variation of the deflection with the frequency for bimorph actuator

The Frequency response of the tip is measured in the laboratory with an input
signal of 5 V in the frequency range : 0.2-110 Hz, and the results are shown in Fig.
(9). The bandwidth estimated from the obtained results is 101 Hz for the bimorph
actuator. In Fig. (9) the peaks and valleys show the poles and zeros of piezoelectric
transfer function, where the mechanical behavior of the piezoelectric actuator is
modeled by a single mass-spring-damper system.

5. MECHANISM OF THE PROPOSED MICROMANIPULATOR

Figure (10) illustrates a two-fingered parallel micromanipulator with a position sensor
at the tip of each fingers. Each finger is basically expressed with a piezoelectric
bimorph actuator. The maximum displacement of the actuator is approximately +1.26
mm. Accordingly , the resulting actuator tip is sufficient for grasping small objects. To
compensate for small displacement of the finger, one of the fingers is fixed and the
other is supported on a carriage moving on a lead screw of 1 mm resolution.
Experiment with a small object (strain gage) is performed. The size of the strain gage
is: 17.5 mm x 7.5 mm x 0.1 mm (length, width, and thickness).By applying the same



CHARACTERISTICS OF SMART PIEZOELECTRIC...... 1431

voltage to each fingers with a gap of 0.1 mm ,a small object such as the strain gage
can be carried with those two parallel piezoelectric bimorph fingers.

Milli gripper

Micro-object e
(strain gage) |
S <

Figure (10) The micromanipulator carries a small object (strain gage)

6. CONCLUSION

The deflection of piezoelectric actuators is obtained theoretically and experimentally
with good agreement. The transient response due to a step input is measured, and the
results give a fast rise time, where a Bandwidth of 101 Hz.
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