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Displacement sensing by piezoelectric transducers in
high-speed lateral nanopositioning

Ali Bazaei, Member, IEEE, Mokrane Boudaoud, Massoud Hemmasian Ettefagh, Zhiyong Chen, Senior
Member, IEEFE, Stephane Régnier

Abstract—The paper deals with the characterization
of piezoelectric ceramic type sensors integrated in a
compact high-speed 2-DOF nano-positioner to measure
large signal stage displacement. Such transducers are
very attractive because they provide measurements in
a wide frequency bandwidth with low noise, they do not
require bulky electronic modules and are cost effective
compared to traditional sensors. The transducers are
installed in series with piezoelectric actuators and thick
ceramic insulators are incorporated between them to
reduce the cross-talk. The sensor provides accurate
position measurements as long as the nano-positioner
displacement is within the sensing bandwidth. This is
verified by large amplitude sinusoidal excitations of the
nano-positioner along both x and y axes within the
sensor bandwidth. The sensor can also measure the
displacement in response to a single tone sinusoid at
frequencies well above the dominant imaginary zeros
of the interaction force, which is beyond the sensor
bandwidth. Experimental measurements are compared
with those obtained using a LASER interferometer
sensor. The results allow obtaining precise calibration
factors of the piezoelectric ceramic transducers with
respect to the input frequencies and accurate displace-
ment/voltage transfer characteristics for closed loop
control purposes.

Index Terms—Displacement sensor, Piezoelectric

transducer, Nanopositioner.

I. INTRODUCTION

High precision measurement of rapidly changing small
displacements is required in many Micro and Nano posi-
tioning mechanisms such as nanopositioners for scanning
probe microscopy [1]-[11], microscanner mirrors [12]-[14],
and scanners in selective LASER sintering applications
[15]-[17].

A conventional method to measure displacement in
flexure-based micro/nano-positioners is to use capacitive
sensors [1]-[5], [18], [19]. Such sensors are generally expen-
sive, need additional space and parts for physical installa-
tion, and require bulky electronic modules to generate a
real-time signal proportional to the target displacement.
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Other conventional displacement sensors, such as optical
encoders, LASER interferometers, and Eddy current sen-
sors also suffer from the foregoing issues [20]-[23].

Piezoresistive strain gauge elements have also been used
to measure displacement in nanopositioners [18], [24],
[25]. To do this, one normally needs to glue multiple
strain gauges to the suspension beams, configure them
in a Wheatstone bridge, and use DC power supplies and
amplifiers to generate an output signal [6]. In addition, in-
stallation of conventional gauges is usually manual and can
introduce undesirable asymmetry in the nanopositioner
structure (especially for those with smaller dimensions),
which is normally designed symmetrical (to reduce cross-
coupling) and is fabricated by high precision automated
machines. Automatic installation of piezoresistive strain
gauges on flexure hinges is also possible by microma-
chining processes, however, it requires to fabricate the
nanopositioner from fragile materials such as Silicon [7]
or fabrication of the gauges on additional non-conductive
flexible structures [26].

Piezoelectric sensors have been widely used to measure
time-varying quantities such as changes in pressure, ac-
celeration, temperature, force, and strain [13], [27]. Most
piezoelectric actuators and sensors available in the market
are lead zirconium titanate (PZT) ceramics [28], [29]. PZT
ceramics have high sensitivity, a large range of operating
temperature, inexpensive manufacturing cost, versatility
in applications, and are chemically inert [30]. In contrast
to polymer piezoelectric materials such as polyvinylidene-
fluoride (PVDF) [31], [32], PZT has high stiffness and high
compressive strength to tolerate high force values in piezo-
driven nanopositioners [33], [34]. However, such sensors are
not suitable for DC measurements and their sensitivity
degrades as frequency approaches zero. In response to a
constant mechanical load, a PZT sensor produces a limited
amount of electric charge that gradually decays through
limited input resistance of the circuit connected to the
sensor [35]. Hence, such sensors are usually useful to detect
variables that change sufficiently fast such as structural
vibrations [28], [36], [37] and stage displacement in high-
speed scanning devices, which is addressed in this paper.
Fortunately, displacement sensors with DC measurement
problems are still applicable in damping and tracking feed-
back control of nanopositioners [38]. The low-frequency
issue of PZT sensors can also be resolved considerably
by low-frequency equalizers or high input impedance elec-



Fig. 1. Top-view of the 4 mm thick monolithic nano-positioner before
the integration of the PZT actuators and sensors. The monolithic
structure was fabricated from stainless-steel by EDM wire cutting.

tronic circuits [39]-[41]. PZT sensors can also exhibit high
drift if driving high input impedance voltage amplifiers or
charge amplifiers with finite input impedance [42]—[44]. On
the other hand, their small noise power density at higher
frequencies is very attractive compared to other kinds of
sensors [23]. Moreover, they have small foot prints and
do not require additional bulky parts for installation or
complicated electronic instruments. They have also been
used to detect underwater vibrating objects [45], force in
tactile sensors [35], [46], [47], slip in prosthetic hands [48],
and pressure in prosthetic limbs [49], [50]. However, their
application as a direct displacement sensor is very limited,
especially in Micro and Nano positioning mechanisms.

The electric charge induced by mechanical loading in
piezoelectric materials can be used to detect high precision
displacement of vibrating elements [51], [52]. However,
such detection methods require fabrication of highly sen-
sitive devices such as single-electron transistors (SET),
which cannot properly operate at room temperature. In
addition, the vibrating element has to be in contact with
the SET island, which can limit the dynamic range of the
sensor. In [8], [9], piezoceramic and strain gauge sensors
have been combined by high-pass and low-pass filters to
provide a low noise feedback signal for vibration damping
in flexure-based micro/nano-positioners. However, neither
the piezoceramic sensor nor the combined signals have
been characterized for large signal measurement of the tar-
get displacement and only strain gauge and conventional
sensors have been used to measure the nano-positioner
displacement. In [53], piezoelectric patches have been used
to measure the displacement of a target via the resonance
frequency of a cantilever. In this method, the cantilever
length has to vary with the target displacement and a
sensor-actuator piezo patch pair excite the cantilever at its
resonance frequency through an analog feedback circuit.
In addition, only static characteristics of the sensor have
been investigated in [53] and the sensing performances of
the time-varying displacements, which is mainly affected
by the feedback system, has not been addressed.

This paper addresses a comprehensive characterization
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Fig. 2. Experimental setup: (a) Sensor Head of LASER Vibrometre,
(b) Nanopositioner while laser beam hitting the extruded part of in
the middle stage, (c) LynceeTec Stroboscopic unit (d) dSPACE I/0
panel (e) Schematic of stage displacement measurement mechanism
by the LASER vibrometre.

of piezoelectric ceramics in sensing time-varying and large-
signal displacement of a piezo-driven flexure-based nano-
positioning stage (Fig. 1). Compared to the methods men-
tioned in [8], [9], [51]-[53], here, the induced voltage in the
PZT sensor is directly used for displacement measurement
without being combined by an auxiliary sensor or keeping
an additional electromechanical system at its resonance
frequency. In addition, the proposed method does not rely
on additional sensitive or complicated devices. Moreover,
the target structure is not in direct contact with the sensor
structure so that large displacement of the target does not
interrupt the sensor operation. Hence, the proposed sensor
does not suffer from a very limited dynamic range. The
proposed displacement sensing and calibration approach
is applicable to almost any piezo-driven nanopositioner
and also to larger structures with commercial piezoelectric
sensors [36]. In the approach considered here, the PZT
sensor is located in an almost stationary location where the
sensor response is directly affected by the interaction force
rather than the stage displacement. This configuration
not only increases the dynamic range of the displacement
sensing method but also minimizes effect of the sensor
body on the dynamic response of the stage.

The paper is structured as follows. Section II describes
the experimental setup. The frequency analysis and the
large signal characterization of the sensor are presented in
sections III and IV respectively. The sensor characteriza-
tion beyond the bandwidth is the treated in section V. The
analysis of the noise and the resolution of the measurement
is presented in VI. The paper is concluded in section VII.
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Fig. 3.  Top-view schematic diagram of the nanopositioner and
the PZT sensor-actuator pair of each axis with additional parts for
insulation and installation.

II. EXPERIMENTAL SETUP

Figure 2 shows different parts of the experimental setup.
A more exact architecture of the monolithic flexure-based
-y nano-positioner integrating the PZT actuators and
sensors is also shown in Fig. 3. The nano-positioner is
symmetric with respect to the z and y axes. The square
stage in the middle can be driven along x and/or y axes
by PZT stack actuators via slender suspension beams. It
is extruded about 2 mm to provide a valid measurement
of the stage displacement by a LASER interferometer,
as shown in Fig. 2 (e). For each axis, a piezoceramic is
installed as a PZT sensor in series with the actuator to
measure the stage displacement along that axis. To reduce
cross-talk from the actuator to the sensor, an inactive
ceramic insulator is included between each PZT sensor-
actuator pair. The insulator thickness here is much larger
than those used in [8], [9]. With this arrangement, a
better measurement of the displacement is expected from
the PZT sensor especially at large signal displacements
where the actuator is driven by high voltage signals. The
dimensions of the ceramic insulator are similar to those
of the PZT sensor. The PZT sensor is a commercial piezo
chip actuator whose specifications are reported in Table
I along with those of the PZT stack actuator. The three
ceramic parts of each axis have the same cross-sectional
area of 2.5 x 2.5 mm?. They are hold together by a
preload screw and a push plate after careful alignments
without applying any adhesive which can sacrifice dis-
placement range due to insufficient rigidity. To assist in
this alignment during the assembly, an additional fixture
whose top surface has different heights was fabricated,
which is inserted in corresponding ditches of a base part

designed for the nanopositioner, as shown in Fig. 4. For
each axis, we experimentally maximized the range of stage
displacement by tuning the preload force via the preload
screw, while applying a large signal 240 Hz single tone
sinusoidal actuation on the PZT actuator and measuring
the stage displacement by the LASER interferometer.

,Mounting hole
for nanopositioner

AN

Mounting hole
for optical table

Smm/

(b)
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(c)

Base

Fixture

Push plate

Fig. 4. (a) The Base for installation of the nanopositioner on an
optical table after assembling the sensors and actuators. The 5 mm
wide ditches in the base are to insert the fixture shown in (b) for
vertical alignment of the three ceramic parts during the assembly
process, as indicated in (c). The fixture is removed after the assembly
to avoid any dry friction during normal operation and provide room
for wiring.

For each axis, a voltage amplifier is used with a gain of
20 to drive the PZT actuator. For the frequency response
measurement, the amplifier input is a biased sinusoid so
that the voltage applied to the PZT actuator remains
within the safe drive range of 0-150V. With a bias voltage
of 70 V on the PZT actuator, Fig. 5 shows the experi-
mental frequency response of each individual axis in the
range of 50Hz-30kHz. The transfer considered here is from
the amplifier input signal to the stage displacement in pym
measured by the LASER sensor. The dominant resonance
modes along z and y axes are around 15.95 kHz and
17.15 kHz, respectively, where there is a 90°-phase-lag for
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Fig. 5. Frequency responses of the nanopositioner from the amplifier
input to the stage displacement measured by LASER interferometer
along each individual axis of the nanopositioner.

TABLE 1
SPECIFICATIONS OF THE PIEZOELECTRIC STACK AND CHIP ACTUATORS
USED AS PZT ACTUATOR AND SENSOR, RESPECTIVELY (MODELS NoO.
PK4DLP2 AND PA4ADGW IN [54]).

Physical Property PZT Stack PZT Chip
Drive Voltage Range 0-150V 0-150V
Free Stroke at 150 V 5.2um=+15% 2.3um=+15%
Recommended Preload 100 N 100 N
Blocking Force at 150 V 250 N 250 N
Dimensions in mm 25x25x50 25x25x23
Electrical Capacitance 100nF+15% 50nF+15%
Resonance Frequency 250 kHz 650 kHz
Operating Temperature —25 to 130°C —25 to 130°C
Curie Temperature 230 °C 230 °C

both axes. The difference between the low frequency levels
can be attributed to the tolerances of the PZT actuator
specifications and different preload force values of x and y
axes.

III. FREQUENCY RESPONSES OF PZT SENSORS

To characterize the PZT sensors, it is beneficial to
identify the frequency range in which they can provide
valid measurements of the stage displacement. Using the
foregoing sinusoidal actuation settings, the experimental
frequency response data of Fig. 6 is obtained in the range
of 1Hz-30kHz for each axis. The transfer function is from
the amplifier input to the PZT sensor voltage of the driven
axis.

The dominant resonance modes detected by the PZT
sensors are around 16.1 kHz and 17.5 kHz, respectively.
The values and order of these frequencies for x and y axes
are almost consistent with those obtained by the LASER
interferometer for the stage displacement. However, there
is a 90°-phase-lead at the dominant modes for the PZT
sensors of both axes.

Each PZT sensor exhibits a pair of lightly damped
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Fig. 6. Frequency responses of the nanopositioner from the amplifier
input to the PZT sensor along each individual axis of the nanoposi-
tioner.

dominant imaginary zeros, which are not observed in
the bode plots of the stage displacement in Fig. 5. The
dominant zero pairs for both axes are located at al-
most identical frequency points of 10.5 kHz. A modal
analysis of the nanopositioner structure reveals that the
unloaded nanopositioner has a natural dominant resonant
mode along the horizontal axes, as depicted in Fig. 7,
at almost the same frequency of the zero pair. At this
actuation frequency, the interaction force between the
PZT actuator and the stage is considerably reduced as
the stage requires nearly zero external force to vibrate
at its unloaded natural mode. Since the PZT sensor
primarily responses to the interaction force, it exhibits
such dominant imaginary zeros that does not appear in
the actual stage displacement. This fact can also be proven
by a mass-spring model as presented in [§8]. We can now
justify why the frequency values at the zeros for x and
y axes are almost identical whilst those at the actual
dominant resonance modes differ slightly. The actual res-
onance mode is determined by the physical specifications
of both the monolithic nanopositioner and the ceramics
while the zero is only determined by the specifications
of the stage and the suspension beams. Some physical
specifications for the PZT ceramics such as free-stroke
and stiffness have tolerance values larger than 10%, while
the EDM (Electrical Discharge Machining) fabrication
tolerance for the monolithic structure is much smaller.
Hence, the monolithic structure is almost identical along
x and y axes and so are the actual zero locations along
them.

As the actuation frequency decreases towards zero, the
magnitude response of the PZT sensors decrease by 20 dB
per decade with a phase lead that tends to 90°. This
indicates a zero at the origin, which is consistent with
the response of a first-order high-pass filter made by
series combination of a capacitor and a resistor. The total



ANSYS

R18.1

Academic

C:Modal
Total Deformation
Type: Total Deformation
Frequency: 10876 Hz

Unit urn
23/04/20194:42 PM

Fig. 7. Magnified mode shape of the monolithic structure, indi-
cating the total deformation pattern along x-axis during the first
free vibration mode at natural frequency of 10.88 kHz, whilst the
mounting screw holes are fixed and no PZT ceramic exists in the
nanopositioner. The data was predicted by a finite-element modal
analysis.

resistance of instruments driven by a PZT sensor during
the experiment was measured to be R = 88 k(). The
measured capacitance of the PZT sensors after preloading
is around C' = 60 nF. Hence, the 3-dB corner frequency
of the high-pass filter is (2rRC)~! = 30.14 Hz, which is
very close to the measured low corner frequencies in Fig. 6
around 32 Hz. The high 3-dB corner frequency of the PZT
sensors due to the dominant imaginary zeros is around
6400 Hz. Hence, the frequency range in which the sensor
can be used for direct measurement of stage displacement
is [32,6400] Hz. Note that the low corner frequency can
further be reduced if the PZT sensor is connected to a
load with higher input resistance.

IV. LARGE SIGNAL CHARACTERIZATION

A Sinusoidal waveform is the best profile for large sig-
nal characterization of lightly damped resonant systems,
because it has almost no frequency component out of the
frequency range of interest. To characterize the PZT sensor
of y-axis, a 500 Hz sinusoidal voltage plus a DC bias
is applied to the amplifier input, which swings between
zero and 6.93 V. This frequency is well within the fre-
quency range of the PZT sensor for a direct displacement
measurement. After simultaneously recording the signals
from the LASER interferometer corresponding to the stage
displacement, the PZT sensor, and the amplifier input, the
PZT and the input signals have been scaled to have almost
the same swing levels as the stage displacement. To scale
each signal, it has been multiplied by a constant coefficient
and then augmented by another constant.

Fig. 8 (a) shows the resulting signals after the scaling
in the time domain. The scaling coefficients and constants
are also included in Table II. In this experiment, the PZT
sensor and the stage displacement signals almost overlap in
the time domain. This indicates that the PZT sensor signal
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Fig. 8. Experimental response of the PZT sensor to large signal

sinusoidal excitation of y-axis at 500 Hz.

TABLE II
COEFFICIENTS AND CONSTANTS USED TO SCALE THE PZT SENSOR
AND AMPLIFIER INPUT SIGNALS.

Signal coefficient (%) constant (um)
PZT-sensor (y-axis) 0.726 1.54
Input voltage (y-axis) 0.412 0.062
PZT-sensor (x-axis) 0.803 0.193
Input voltage (x-axis) 0.452 0.135

can provide valid measurement of the stage displacement
with a sensitivity of 1.377 Hlm along y-axis (inverse of the
scaling coefficient), if the power spectrum of the excitation

is well within the sensor frequency range.

Figure 8 (b) shows the displacement measurement error,
which is the difference between the actual displacement
and the PZT sensor measurement. Small vibrations are
observed around 18 kHz in the error, which is close to
the resonance frequency of y-axis. Such vibrations are
excited by the deviation of the actuation signal from an
ideal sinusoidal profile, as indicated by the sharp peak
in the closeup-view of Fig. 8 (a). There is also a time-
lead of t; = 6 us for the PZT sensor with respect to the
displacement. This alternative source of error is due to
the foregoing high-pass property of the sensor. The time-
lead can be used to calculate the low corner frequency of
the PZT sensor at fr = 27t;f? = 9.4 Hz from the first-
order high-pass model at f = 500 Hz. In this experiment,
the total load connected to the PZT sensor has a higher
impedance than the load during the frequency response
measurement, leading to a smaller value for the low corner
frequency.

Fig. 9 shows the responses of the LASER and the PZT
sensors versus the scaled input during the foregoing large
signal sinusoidal excitation. These nonlinear contours,
which originate from PZT actuator hysteresis, indicate
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excitation of y-axis at 1583 Hz.

that the PZT sensor can precisely follow large deviations
of the stage displacement from an ideal sinusoidal profile.

As shown in Fig. 10, the sensing performance of the
PZT sensor of y-axis has been also evaluated at a dif-
ferent excitation frequency of 1583 Hz, whilst using the
scaling coefficient of 0.726 5+ obtained from the 500 Hz
sinusoidal test. This scaling coefficient was also used to
examine the PZT sensor at more different frequency values
within the sensing bandwidth. Figure 11 summarizes large
signal peak-to-peak displacement of the stage and the
resulting range of measured values by the PZT sensor
in each period. The average value of the absolute error
in each test is also reported in Table III. As frequency
was increased beyond 1583 Hz, we had to reduce the
excitation amplitude to prevent distortion and keep the
voltage profile at the amplifier output almost sinusoidally.
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N
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Fig. 11. Evaluation of PZT sensor performance by large signal

sinusoidal excitation of y-axis at different frequency values, using a
constant calibration coefficient within the sensing bandwidth. The
vertical axis represents the peak-to-peak displacement of the stage.
The ranges of PZT sensor measurement are indicated by error bars.

TABLE III
ACCURACY OF THE PZT SENSOR IN PREDICTION OF Y-AXIS STAGE
DISPLACEMENT IN EACH SINUSOIDAL TEST REPORTED IN Fi1G. 11.

Freq.(Hz) 100
68.1

500
17.8

786
19.3

1000
26.9

1583 2178 3204
25.7 48 70

Error (nm)

The distortion is mainly attributed to current limitations
of the amplifier and the PZT actuator. The range of PZT
measurement error can also increase with frequency as
imperfect sinusoidal actuation and hysteresis nonlinearity
can create undesirable high order components close to
the dominant resonance modes, which are far beyond
the PZT sensor bandwidth. For example, the frequency
value of the minor vibrations in the error profile of Fig.
10 (b)) is around 18 kHz, which is close to the dominant
resonance frequency of y-axis and far beyond the high
corner frequency of the PZT sensor at 6400 Hz. The
measurement error also increases as frequency is reduced
toward the low corner frequency due to the increase of the
time-lead in PZT sensor response.

Figure 12 illustrates the performance of the PZT sensor
with the same scaling coefficient as before in response
to a non-sinusoidal excitation waveform. The actuation
profile is continuous with a fundamental frequency well
within the PZT sensing bandwidth. However, such tri-
angular waveforms have strong odd harmonics that can
excite the dominant resonance mode of the nanopositioner,
considerably. The vibrations induced in the PZT sensor
voltage and the actual stage displacement (LASER) at
the resonance mode are out of phase, as shown in the
closeup view of Fig. 12 (a). Hence, their contributions in
the error profile of the PZT sensor add up, as shown by
the high-frequency vibrations in Fig. 12 (b). Ignoring the
small out-of-bandwidth vibrations in Fig. 12 (a), the PZT
sensor closely follows large signal displacement of the stage
and the limits of the sensing error in Fig. 12 (b) would be
reduced, considerably.

Fig. 13 shows the experimental responses of the z-axis of
the nanopositioner to a large signal sinusoidal excitation of
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Fig. 13. Experimental response of the PZT sensor to large signal

sinusoidal excitation of x-axis at 1 kHz.

the x-axis at 1 kHz, where the PZT sensor and the input
signals have been scaled and biased as before to match
the stage displacement levels with the coefficients and the
constants reported in Table II for the z-axis. The PZT
sensor signal has a sensitivity around 1.245 Mlm and follows
the time-varying stage displacement, accurately.

Using this sensitivity value, the stage displacement
along x-axis has been also measured by the PZT and the
LASER sensors at different frequency values of 240 Hz
and 2.5 kHz, as shown in Figures 14 and 15. In the
240 Hz test, the PZT sensor leads the stage displacement
by almost 17 us, as indicated by the closeup view in Fig.
14 (a). Hence, the resulting low corner frequency of the
z-axis PZT sensor is around 6.15 Hz. Note that the PZT
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Fig. 14. Experimental response of the PZT sensor to large signal

sinusoidal excitation of x-axis at 240 Hz.
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Fig. 15. Experimental response of the PZT sensor to large signal
sinusoidal excitation of x-axis at 2.5 kHz.

sensor still follows the stage displacement at 240 Hz with
high accuracy. At the 2.5 kHz test, there are vibrations
around 18 kHz, which are visible in the error profile and
degrade the accuracy of the displacement measurement.
Such vibrations originate from the sharp resonance modes
of the x-axis at 16 kHz and 23 kHz, which are excited by
high frequency components from the nonlinearity of the
PZT actuator and the deviation of the actuation signal
from an ideal sinusoid.

Overall, the acceptable overlaps between the LASER
and the PZT responses indicate that the sensitivity of each
PZT sensor is almost invariant over the frequency range
mentioned in section III.
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Fig. 16. Calibration coefficient of the y-axis PZT sensor for large
signal sinusoidal excitation at the frequency range beyond the imag-
inary zeros.

V. SENSOR CHARACTERIZATION BEYOND THE
BANDWIDTH

The frequency responses of the PZT sensors in Fig. 6
indicate a sharp increase of phase from 0 to 180° around
10.5 kHz due to the imaginary zeros, which does not
happen for the displacement frequency responses in Fig.
5. Despite the displacement response, the PZT sensor
response at frequency values well above the zero frequency
(more than 13 kHz) is stronger than its response in the
sensing bandwidth. Hence, it is valuable to characterize
the displacement sensing performance of the sensor beyond
the sensing bandwidth.

A number of large-signal single tone sinusoidal exci-
tations have been carried out as before at a number of
frequencies above the frequency of the imaginary zeros
for the y-axis. The displacement and the PZT sensor
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Fig. 17. Experimental response of the PZT sensor to a large signal
sinusoidal excitation of y-axis at 17016 Hz. The excitation voltage
on the PZT actuator is 17 Vpp and the calibration coefficient for the

PZT sensor at this frequency is —0.3407 %

responses have been found almost 180° out of phase at
each sinusoidal excitation in this high frequency range.
Hence, they can be matched by a negative coefficient
rather than the positive ones reported in Table II for
the main sensing bandwidth. This coefficient, however,
varies considerably with the frequency of the sinusoid, as
indicated in Fig. 16.

Fig. 17 shows the time domain responses of the stage dis-
placement and the scaled PZT sensor and actuator signals
obtained at a frequency close to the dominant resonance
of the y-axis, which is well above the frequency of the
zeros. Note that the PZT sensor and stage displacement
signals almost overlap and the error is very small. The
resulting sensitivity of the PZT sensor at this frequency is
also around 2.93 o which is larger than those obtained
in the sensing bandwidth.

VI. RESOLUTION

Resolution of an analog sensor is usually determined
from the standard deviation of sensor noise [10], [55]. To
characterize the sensor noise, the PZT sensor voltage of y-
axis was directly recorded without any filter by a sampling
rate of 50 kHz while maintaining the 70 V bias voltage on
the y-axis PZT actuator.
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Fig. 18. (a) PZT sensor noise of y-axis in time-domain, (b)

histogram, (c) spectral density.

Using the calibration coefficient reported in Table II,
the resulting time-domain profile, histogram, and spectral
density of the PZT sensor noise are as shown in Fig. 18.



The time-domain data indicates that the sensor has a 3o0-
resolution of 1.9 nm, which is calculated from the 0.63 nm
standard deviation of the noise in a 25 kHz bandwidth.
The spectral density of the PZT sensor has an average
value of 3.5 pm/ VHz, which is useful to approximate the
sensor resolution within a desired bandwidth [23]. Hence,
the 3o-resolution of the PZT sensor with an effective
bandwidth of Af Hz is around 10.5\/A7f pm.

VII. CONCLUSION

Piezoelectric ceramics can be used for real-time mea-
surement of time-varying displacement of nano-positioning
stages. As the ceramic needs to experience a force propor-
tional to the stage displacement, it has to be installed in
series with the stage actuator. Additional parts are also re-
quired to properly insulating the PZT ceramic sensor from
any actuator that requires high voltage values. The sensor
exhibits minimum-phase zeros close to the imaginary axis
at the resonance modes of the unloaded nano-positioner.
Such zeros, which limit the sensor bandwidth, do not
exist in the frequency response of the stage displacement
when the positioner is preloaded by the actuators and
the sensors. In addition, they are located at a frequency
smaller than that of the dominant resonance mode of the
loaded positioners. Hence, the upper corner frequency of
the sensor bandwidth in the loaded positioner is below the
dominant resonance mode of the unloaded positioners. The
PZT sensor can also measure the stage displacement gen-
erated by single tone sinusoidal excitations at frequencies
well above the zeros. Despite the low frequency range, the
calibration factor in this high frequency range is negative
and varies with the frequency considerably. The PZT
sensor also exhibits a first-order high-pass response due
to the electric capacitance property of the ceramic, which
limits the sensing bandwidth at very low frequencies.
However, it has many benefits, such as small noise level,
small foot-print, high-frequency single-tone measurement,
and no required signal conditioning instruments which
makes them an ideal displacement sensor for time-varying
applications such as scanning probe microscopy.
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