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Abstract: We present a direct measurement of stage displacement in piezo-driven nanopositioners via 
piezoelectric (PZT) ceramics. In addition to compactness and affordability, our study shows that within the sensing 
bandwidth, the sensor is able to track time-varying large signal profiles of stage displacement accurately without 
utilizing signal conditioning devices. Also, the sensor can be used to capture cross coupling effect in orthogonal 
axes of motion. For the full-scale range, accuracy of the suggested sensor is less than 27 nm in the sensing 
bandwidths when the sensor is calibrated with a constant scaling factor. The 3σ-resolution of the sensor is 1.9 nm. 
 
Keywords: Displacement sensor, Piezoelectric sensor, Nanopositioning stage, Time-varying displacement, 
Scanning. 
 
 
 
1. Introduction 

 
The accurate measurement of high frequency 

movement is essential for many micro and nano 
positioning systems including scanners in selective 
laser sintering applications [15-17], microscanner 
mirrors [12-14], and nanopostioners for scanning 
probe microscopy [1-11].  

PZT sensors have many desired characteristics 
such as high bandwidth, small foot print, small noise 
level, compactness, and affordability [18]. The 
electromechanical coupling between electrical field 
and stress makes piezoelectric ceramics an ideal 
choice for strain, force, pressure, acceleration, and 
temperature measurement, and for energy harvesting 

[19-20]. Nevertheless, no study has been reported on 
piezoelectric ceramics to address the direct 
measurement of stage displacement in nanoposi-
tioning systems, primarily because the sensor response 
exhibits drift and decreasing sensitivity at low 
frequencies from its RC high-pass characteristic. In 
scanning tasks, however, the high-pass decrease issue 
would not pose a problem since the displacement 
oscillates rapidly. In order to measure the 
displacement of nanopositioning stage directly, our 
study addresses the large signal characterization of 
piezoelectric ceramic response in a custom-made 
high-bandwidth Nanopositioner.  

Few works employed piezoelectric ceramics as 
sensors in nanopositioners. In order to damp the 
dynamical vibration of a nanopositioners, the authors 
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in [8-9] employed stress induced voltage in piezo 
ceramics, without mentioning of or characterizing for 
direct displacement measurement. An application of 
piezoelectric materials in displacement measurement 
is reported in [21] in which the authors used piezo 
patches as a sensor-actuator pair. This work,  
however, needs bulky additional mechanical 
components that affects the displacement sensing 
bandwidth negatively. 

In the present manuscript, we use a commercial 
PZT chip as a direct displacement sensor in a 
nanopositioning stage. In this respect, the performance 
of the PZT chip as a displacement sensor is 
characterized and analyzed. It is shown that the 
proposed sensor can measure stage displacement and 
cross coupling in a compact size parallel-structured 
nanopositiong stage with 3σ-resolution of 1.9	[ ]. In 
comparison with the authors’ previous work in [22] 
and [23], this article characterizes the sensing 
performance of the PZT chip in measurement of cross 
coupling displacement between the horizontal axes of 
the nanopositioner. We also present a comprehensive 
study of the frequency responses of the proposed 
sensor and the stage displacement. In addition, we 
carry out identification procedures to approximate the 
responses by stable low-order linear models, which are 
suitable for feedback control design purposes. Some 
figures and tables are repeated here for convenience. 

The rest of the paper is organized as follows. 
Section 2 presents the nanopositioning stage that is 
used in this study. In Section 3, experiment and 
frequency analysis of the PZT sensor are explained. In 
Section 4, we describe the characterization process of 
the PZT chip to be used as a direct displacement 
sensor. Section 5 analyzes the resolution of the 
proposed sensing method. We present the application 
of the PZT sensors in measurement of cross coupling 
displacement between the orthogonal horizontal axes 
in Section 6. Conclusions are given in Section 7. 
 
 
2. Piezo-driven Compact Size 

Nanopositioning Stage with Embedded 
Piezo Ceramic Sensor 
 
A schematic illustration of the piezo-driven x-y 

nanopositioning stage is shown in Fig. 1. In order to 
measure stage displacement along each horizontal 
axis, we installed a PZT chip in the axial direction of 
the PZT actuator. To prevent any induced parasitic 
voltage from PZT actuator to the displacement sensor, 
we have used an inactive ceramic insulator to separate 
the PZT sensor from the actuator. The main 
specifications of the piezo chip sensor and the PZT 
actuator are given in Table 1. We used the laser 
interferometric vibrometer described in [24] to 
calibrate the PZT sensor for measurement of stage 
displacement. In this respect, as shown in the inset of 
Fig. 1, the middle stage of the Nanopositioner is 
extruded 2 mm to provide a reflecting surface for the 
Laser beam. For each axis, the input voltage is 

amplified by an FLC Electronics A400DI voltage 
amplifier with a gain of 20 before being applied to the 
PZT stack actuator. In order to maximize the 
displacement of the middle stage, we fined-tuned the 
preload screws empirically. More details on the 
installation of the ceramic parts are reported in [22]. 

 
 

 
 

Fig. 1. Schematic illustration of the nanopositioning stage. 
 
 

Table 1. Main specifications of sensor chip and actuator. 

 
Physical Property, (V) PZT Stack PZT Chip 

Drive Voltage Range 0-150 V 0-150 V 
Free Stroke at 150 V 5.2 μm±15 % 2.3 μm±15 % 
Recommended Preload 100 N 100 N 
Blocking Force at 150 V 250 N 250 N 
Dimensions in mm 2.5×2.5×5.0 2.5×2.5×2.3 
Electric Capacitance 100 nF±15 % 50 nF±15 % 
Resonance Frequency 250 kHz 650 kHz 
Operating Temperature −25-130oC −25-130oC 
Curie Temperature 230	oC 230 oC 

 
 
3. Frequency Response of the Stage 
 

Fig. 2 shows the frequency responses of the y-axis 
stage displacement from the Laser vibrometer and the 
y-axis PZT sensor voltage, respectively, with respect 
to the pre-amplified voltage applied to the y-axis 
actuator (y-axis input signal). Mathematical 
description of a piezo-driven Nanopositioner can be 
modeled accurately by a simple mass-spring damper 
model when the actuation frequency is below the first 
natural frequency [25]. Therefore, according to the 
collected data, the identified model of the 
Nanopositioning stage based on the laser vibrometer 
response of y-axis is 

 = 5.074 × 10+ 4793 + 1.16 × 10  (1) 
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According to Fig. 2 and Eq. (1), the stage has a 
dominant resonance mode at 17.1	[kHz], its 3-dB 
bandwidth is 9.4	[kHz], and the damping ratio  
is = 0.022.  

 
 

 
 

Fig. 2. Frequency response of y-axis. 
 
 

Similarly, the identified model from the collected 
frequency response data of the PZT sensor voltage is 

 = 1.6	( + 0.4)( + 3090	 + 4.13 × 10 )( + 167)( + 5706	 + 1.22 × 10 ) (2) 

 
As Fig. 2 shows, the frequency response of the 

PZT sensor voltage exhibits a low 3-dB corner 
frequency at 32	[ ], as well as a high 3-dB corner 
frequency at 6	[ ].  

According to Fig. 2, the frequency response of the 
PZT sensor exhibits a sharp notch at 10.2	[ ] that 
does not appear in the laser vibrometer response.  
As Eq. (2) demonstrates, this notch is quantified  
by a pair of lightly damped complex zeros with 	= 6.43 × 10 	 , = 0.024, and imposes an 

upper limit on the bandwidth of the PZT sensor. These 
complex zeros are the result of the natural frequency 
of the unloaded Nanopositioner at the same frequency. 
In Fig. 3, the first mode shape and natural frequency 
of the unloaded structure is obtained via finite element 
methods. The value of the natural frequency is 10.8	[ ] which is very close to the frequency 
location of the lightly damped complex zeros. As the 
stage requires negligible external force to vibrate at its 
unloaded natural frequency, the interaction force 
between the PZT actuator and the rest of the system is 
significantly reduced at this frequency. As the PZT 
sensor responses to the interaction force and since 
negligible amount of force is transmitted at this 
frequency, a dominant pair of imaginary zeros are 
exhibited only in the PZT sensor response but not in 
the directly measured stage position (by the Laser). As 
shown in [8], a mass-spring model can also 
demonstrate the existence of such zero in the 
interaction force between the PZT actuator and  
PZT sensor.  

Because of the dominant imaginary zero at 10.5	[ ], the high-3dB corner frequency of the PZT 
sensor is around 6400	[ ]. Fig. 2 shows that at low 
frequencies the magnitude response of the PZT sensor 
reduces by 20 dB per decade as the actuation 
frequency decreases toward zero. This reduction is 
accompanied with a phase lead of almost 90 degrees, 
which indicates the existence of a single zero at the 
origin. This behavior is in consistency with the 
response of a resistive load driven by series 
combination of a voltage source and a capacitor acting 
as a first-order high-pass filter. 

 
 

 
 

Fig. 3. A finite element modal analysis of the unloaded 
Nanopositioner predicts the first natural frequency 
at 10.88	[ ]. The magnified mode shape of the 
monolithic structure at this frequency indicates the 

deformation along y-axis [22]. 
 
 

The 3-dB corner frequency of such high-pass filter is  
 12 [ ], (3) 

 
where  and  denote the total resistance and 
capacitance of the filter, respectively. During the 
frequency response experiment, the PZT sensor is 
connected to the measurement instruments with the 
total resistance of = 88	[ Ω]. Also, as we measured 
after preloading, the capacitance of the PZT sensor is 
around = 60	[ ]. Therefore, employing (1), the 3-
dB corner frequency of the high-pass filter is 30.14	[ ], which is in close agreement with the 
measured low corner frequency of 32	[ ] in Fig. 2. 
Note that further reduction in the low corner frequency 
is achievable by connecting the PZT sensor to an 
instrumentation with a higher resistance. Finally, 
using the low and high 3-dB corners, the sensor can 
directly measure the stage displacement in the 
frequency range of (32-6400)[ ].  
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4. Characterization of the PZT Sensor  
 
The calibration process of the PZT sensor on the y-

axis is carried out by applying a 500	[ ] sinusoidal 
voltage with the range of 0-140	[ ], whose frequency 
is well between the low and the high 3-dB corner 
frequencies in Fig. 2. The signals from the Laser, the 
PZT sensor, and the input voltage to the amplifier are 
simultaneously collected and displayed in Fig. 4(a). In 
the figure, the voltage value of the PZT sensor and 
input signal are linearly scaled to have the same 
extrema as the read out of the laser sensor. Using this 
experiment, the sensitivity of the PZT sensor is 

characterized as 1377 . This sensitivity is obtai-

ned from the experimentally obtained scale factor as:  
 Senisitivity	= 1scale	factor = 1726[ ] (4) 

 
The error value, presented in Fig. 4(b), shows an 

increase in the amplitude of its vibration around time 1.4	[ ], which is the time when the input signal 
reaches to its peak value. The inset of Fig. 4(a) shows 
the close-up view of the signals around this point, 
where the input signal exhibits a sharp change at peak 
value. This sharp change is because of the non-smooth 
profile of sinewave generator, and provokes high 
frequency vibrations that are close to the resonance 
mode of the structure. Another similar vibration is also 
excited when the input reaches its minimum around 0.4	[ ]. Further examination of the error value 
indicates that the frequency of the vibration is around 17	[ ], which is the fundamental frequency 
obtained from the frequency response of Fig. 2.  

Fig. 5 shows the hysteresis curves obtained by the 
laser and PZT sensors for the 500	[ ] sinusoidal 
actuation voltage with the range of 0-140	[ ]. It 
shows that the large hysteretic deviation of the 
displacement profile, measured by the laser sensor, is 
precisely captured by the PZT sensor.  

In order to validate the scaling factor in Eq. (4), we 
carry out a similar test for the PZT sensor at a different 
frequency, whilst the scaling factor is 726	[ ]. As we 

can see in Fig. 6, the measurement error at this new 
frequency is very similar to the measurement error of 
the 500	[ ]	sinusoidal test, indicating high 
performance of the PZT chip for displacement 
measurement within the sensing bandwidth (32-6400)	[ ]. 

In order to determine accuracy of the PZT sensor, 
further examination with large amplitude sinusoidal 
excitation at other frequencies within the sensing 
bandwidth (32-6400)	[ ] are performed. Fig. 7 and 
Table 2 report the deviation range and average 
absolute error of the PZT sensor, respectively. Note 
that the minor excitation of the resonant mode of the 
open-loop Nanopositioner at 17	[ ] due to the non-
smooth profile of the input at the peak and the 
minimum points plays the main role in the error value. 
As this frequency is far beyond the high-corner 

frequency, which is 6.4	[ ], the actual error within 
the sensing bandwidth is expected to be much smaller.  

 
 

 
 

Fig. 4. Calibration test by 500	[ ] sinusoidal  
excitation [22]. 

 
 

 
 

Fig. 5. Hysteresis curves from Laser and PZT sensors [22]. 
 
 

 
 

Fig. 6. Validation test at 1583	[ ] sinusoidal  
excitation [22]. 
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Fig. 7. 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 [22]. 

 
 

Table 2. Accuracy of the PZT sensor of y-axis  
with the constant scaling factor of 726 [nm/V] obtained 

from the 500	[ ] calibration test [22]. 
 

Freq. 
(Hz) 

100 500 786 1000 1583 2178 3204

RMS 
Error. 
(nm) 

68.1 17.8 19.3 26.9 25.7 48 70 

 
 

5. Resolution Study of the PZT Sensor 
 
Generally, the standard deviation of an analog 

sensor noise is used to quantify the resolution of it  
[10, 26]. In order to characterize the PZT sensor noise, 
we tuned the sample rate of our data acquisition device 
to 50	[ ] and collected the sensor output without 
applying any filter while keeping a 70	[ ] bias voltage 
on the PZT actuator. Using the obtained scale factor of 1377	 , Fig. 8 displays the time-domain profile, 

histogram, and spectral density of the PZT sensor 
noise. The standard deviation of the noise in a 25	[ ] bandwidth is 0.63	[ ]; therefore, the 3σ-
resolution of the sensor is 1.9	[ ]. The average value 
for the noise density of the PZT sensor is  √ = 3.5	 √ . This value can be used to estimate 

the resolution of the sensor within a desired bandwidth 
in the range of ( , ) as described in [18] by  

 3σ-resolution = 3√ ln + , (5) 

 
where  is the 1/f noise corner frequency,  
and ∈ (1,1.57) is a correction factor to consider 
effect of non-ideal noise filter. For large sensing 
bandwidth where ≫  and 1/f noise is negligible, 
one can assume an ideal noise filter (ke = 1) and Eq. (5) 
simplifies to 3√ . 

 
 

Fig. 8. Noise characteristics of the PZT sensor:  
(a) noise in time-domain, (b) histogram, and (c) spectral 

density [22]. 
 
 

6. Application of PZT Sensor in Cross 
Coupling Displacement Measurement 
 

Cross coupling displacement, or cross talk 
displacement, is the parasitic displacement of the stage 
along an unactuated axis due to excitation of the stage 
along another perpendicular axis. This effect is usually 
neglected in low speed and short-range 
nanopositioning systems [27]; however, the effect 
could become significant if one wants to achieve high-
speed scanning rates or large scan area [28]. In atomic 
force microscopes, for instance, cross coupling can 
cause distortion in captured images, undesired 
interactions between cantilever’s tip and sample, and 
even damage to both of them. Therefore, in order to 
achieve high performance positioning, one may  
have to measure, and compensate for cross  
coupling displacement.  

To study effectiveness of the proposed PZT sensor 
in cross coupling displacement measurement, we 
excited the stage along x-axis whilst the y-axis PZT 
actuator was open circuited. We applied a large signal 
sinusoidal excitation (about 140 Vpp) to the PZT 
actuator of x-axis and measured the displacement of 
the stage along y-axis by the laser interferometer and 
the PZT sensor output of y-axis. The results are shown 
in Fig. 9 after scaling the sensor signals by positive 
constants reported in the figure legends, to have almost 
the same peak-to-peak value as the y-axis 
displacement measured by the laser sensor.  
This observation shows that the y-axis PZT sensor can 
also provide acceptable displacement of the stage 
along y-axis even when we drive the stage  
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along x-axis only. However, the scale factor of y-axis 
PZT sensor for cross-coupling displacement 
measurement is different from the scale factor 
obtained during the normal operation in Section 4, 
where the stage is driven along y-axis only.  

 
 

 
 

Fig. 9. Response of PZT sensor of y-axis and stage 
displacement along y-axis, while the y-axis actuator is open 
circuited and the x-axis one is driven by a large signal 240	[ ] sinusoidal excitation. The scaling factor of the 

PZT sensor for the cross coupling motion is 489	 . 

 
 

The foregoing cross coupling measurement 
indicates a peak-to-peak value of 24	[ ] along y-
axis during large signal excitation of x-axis. During 
this large signal excitation, the stage is displaced in a 
range of 3.074	[ ] along x-axis, as indicated by the 
data depicted in Fig. 10. Hence, the amount of cross-
coupling from x-axis to y-axis is about  

 0.0243.074 = 7.81 × 10 = −42	  

 
As the value of the cross coupling is very small, 

the interactions in force and displacement between x 
and y axes are insignificant. As a result, the PZT 
displacement sensors are notable candidates for 
nanopositioners in which the cross coupling is small. 
Considering that most of the nanopositioners are 
designed to meet very small cross coupling, the 
proposed PZT sensor is applicable to most piezo-
driven nanopositioners.  
 
 
7. Conclusions 

 
We showed in this study that the time-varying 

displacement of nanopositioning stages can be 
measured in a real-time fashion by piezoelectric 
ceramics. The PZT sensors have a lightly damped 
minimum-phase zero at the fundamental frequency of 
the unloaded monolithic nanopositioner. The pair of 

zeros do not appear in the response of the laser sensor 
for stage displacement and, therefore, impose a 
limitation on the high corner frequency of the PZT 
sensor. Nevertheless, considering the advantages of 
the proposed sensor, including small foot-print, low 
cost, small noise level, compactness, and no 
requirement to hefty instruments for signal 
conditioning, PZT sensors can be regarded as ideal 
displacement sensors for small-size and low-cost 
applications where the displacement exhibits a time-
varying behavior.  
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Fig. 10. (a) Responses of the PZT sensors of x and y axes 
and stage displacement along x-axis during large signal 
excitation of x-axis actuator by a 240	[ ] sinusoid, while 
the y-axis actuator is open circuited. (b) Error of x-axis PZT 
sensor in measurement of x-axis displacement with a scale 
factor of 0.787[ ]. 
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