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Abstract: - An experimental technique for analysis of pseudo-static oscillations of pjezoelectric ceramics is 
presented in this paper. This technique is capable to detect both transverse and longitudinal oscillations and is 
based on the formation of observable grating modulated on the static surface of the scanned body. 
Mathematical and numerical models of the analyzed system comprising a scanning cantilever of atomic force 
microscope are presented in order to develop an experimental methodology to assess the frequency, transverse 
and longitudinal amplitudes of elliptic oscillations of the investigated systems. 
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1 Introduction 
Sub-micrometer amplitude vibrations play an 
important role in different physical and engineering 
systems. Ultrasonic motors are typical examples of 
application of such vibrations. The vibration energy 
of piezoelectric ceramics is transferred to 
longitudinal or rotational motion of the elements of 
these motors [1, 2, 3].   

Experimental measurement of transverse 
vibrations of piezoceramics excited by an oscillating 
charge is a complicated technical challenge first of 
all due to the fact that the amplitudes of these 
oscillations are small. The problem gets even harder 
when the frequency of excitation is far from the 
resonance frequencies of piezoelectric ceramics [4]. 
Pseudo static (low frequency) excitation produces 
even smaller deformations of the piezoelectric 
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ceramics. Nevertheless, possibility of direct 
registration of transverse oscillations of electrically 
excited piezoceramics would be of great interest not 
only for the designers of ultrasonic motors [5], but 
also for many other different applications of 
piezoelectric materials [6].  

Atomic force microscopy (AFM) is effectively 
applied for the measurement of nano-scale 
displacement, strain, thermal deformation fields [7, 
8, 9]. This paper is focused on the applicability of 
AFM for the measurement of dynamic 
displacements of electrically excited piezoelectric 
ceramic materials even far away from their 
resonance frequencies. 

Applicability of AFM techniques for 
measurement transverse vibrations of pjezoelectric 
materials is analysed in [10]. The purpose of this 
paper is the development of techniques for analysis 
of general type response (not only transverse 
oscillations) of pjezoelectric ceramics to electric 
excitation by means of atomic force microscopy. 
Interpretation of the experimental results provides 
insight into the physical processes taking place in 
the analysed objects. 
 
2 Basic Numerical Model 
Let’s assume that a flat non-deformable surface is 
parallel to plane x−y and performs harmonic 
oscillations in the z-direction.  The amplitude of 
oscillations is A; angular frequency and phase − ω 
and ϕ. The maximum travel of the AFM scanner in 
the x-direction is L. It is assumed that the modulus 
of the scanner’s travel velocity v in the x-direction is 
constant, distance between the raster lines is d; 
scanning direction is reversed instantaneously. The 
output of the measurement system is the 
instantaneous height of the scanned surface. It is 
clear that the elevation of the scanned surface will 
be falsely represented by height.  
 

 
Fig. 1. Scan over an oscillating plate  - a 

schematic diagram. 
 

Let’s assume that the scanner starts the scanning 
process at time moment t0. Then the scanned 
instantaneous height at the right end of the first 
scanning line is ( )ϕω +0sin tA . Time needed for the 
scanner to travel along the first scanning line is L/v. 

Thus, the scanned height at any x along the first 
scanning line (forth scan) is: 
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where ϕωδ += 00 t . Time needed to return to 

the beginning of the second scanning line from the 
end of the first scanning line is also L/v. Then, the 
scanned height along the second scanning line is: 
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In other words, the graph of the harmonic 

function in the second scan (eq. (2)) is shifted to the 
left by phase  with respect to the first scan 
(eq. (1)). Keeping in mind that the functions are 

harmonic (with period 

12 −vLω

ω
πv2 ), the observed shift is 

( )12arg −vLω , here the function arg is defined as: 
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Then, the angle of the observed shift is (Fig. 1): 
 

( )( )dvL /2argarctan 1−= ωα    (4) 
 

 
 

Fig. 2. The observed shift between scanning lines;  
1 – the first line; 2 – the second line of the forth 

scan. 
 
If the scanning direction would be reversed, the 

total shift would be  and the angle of the 
observed shift would be 

12 −− vLω

 
( )( )dvL /2argarctan 1−−= ωα .  (5) 
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Formation of observable grating caused by 

oscillation of a scanned surface can be effectively 
exploited for the identification of parameters of that 
oscillation. Identification of angular frequency of 
oscillation is straightforward and comprises two 
basic steps. First, the distance between the centres of 
grating lines λ must be measured along the scan 
direction. Then the angular frequency of oscillations 
can be determined from the following equation: 

 

λ
ω v
=      (6) 

 
It can be noted that the basic numerical model 

evaluates only transverse oscillations of the plane 
x−y in the z-direction. 
 
3 Experimental Investigations 
The experimental set-up comprises an AFM, 
piezoelectric ceramics (5 mm × 10 mm × 3 mm) 
placed on the measurement table and a power 
amplifier producing oscillating charge. Two thin 
copper wires (0,05 mm diameter each) are welded to 
the side electrodes of the ceramics and connected to 
the power amplifier. The scanning area is set to 3,0 
× 3,0 μm (the maximum travel of the scanner 
L = 3,0 μm). The sweep frequency is 1 Hz – the 
scanner sweeps over the scanning area forth and 
back in 1 s; scanning speed v = 6,0 μm/s. The 
produced digital image of the scanned area consists 
from 512 × 512 pixels (512 scan lines in forth or in 
back direction); d = 0,00625 μm. Time required to 
perform full surface scan is 512 s. 

 

 
 

Fig. 3. AFM image of the static surface. 
 

AFM image of the static surface is presented in 
Fig. 3. The surface of pjezoelectric ceramic was 
polished with fine grain abrasive paper – one can 
note definite oblique trenches produced during the 
process of finishing.  
 

 
 

Fig. 4. Digital image of the scanned surface – 2D 
projection, forward scan. 

 

 
Fig. 5. Digital image of the scanned surface – 3D 

projection, reverse scan.  
 

AFM images of the pjezoelectric ceramics 
excited by oscillating charge are presented in Fig. 4 
and Fig. 5. It can be noted that both figures are 
produced simultaneously – one represents forward 
scan; the other one – reverse scan. Different angles 
of the observable grating produced by the periodic 
elevation of the surface and modulated on top of the 
static surface shows good agreement with equations 
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eq. (4) and eq. (5). The white arrow in Fig. 4 shows 
the measured distance between the centres of 
grating lines (along the scan direction) what 
produces 817.0=λ . The reconstructed frequency is 
then 34.7=ω  Hz what is a perfect fit with the 
experimental setup.  

 

 
 

Fig. 6. Digital image of the scanned surface;  
ω = 100 Hz. 

 
If the excitation frequency is increased, the 

produced experimental AFM images still 
demonstrate the effect of observable grating (Fig. 
6). Nevertheless, one can note that the grating lines 
are not straight. The following analysis tries to 
interpret and explain this effect which does not fit 
into the model described by equations eq. (1) – eq. 
(6).  

 
4 Numerical Analysis 
It is clear that though the frequency of excitation of 
pjezoelectric ceramics is much lower that its 
resonant frequency, one cannot expect that the 
surface of ceramics will oscillate only in the 
transverse direction to the surface. The basic 
numerical model (Fig. 1) assumed ideally flat 
surface and any longitudinal motions of the surface 
would have no impact for the generated grating 
caused by elevation.  

But our surface is not flat (Fig. 3). The image of 
the scanned surface will clearly be under the 
influence of any longitudinal motion of the surface. 
Therefore there exists a definite need for a 
numerical model explaining the observed effect of 

curvy grating modulated on top of the static surface 
(Fig. 6).  

The numerical model of the scanning process is 
developed in Matlab environment. Initially it is 
assumed that the static surface has a shape as 
demonstrated in Fig. 7.  
 

 
Fig. 7. Numerical model of a static surface. 

 

 
Fig. 8. Effect of observable grating caused by 

transverse oscillations. 
 

 
Fig. 9. Effects caused by longitudinal oscillations. 
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Assumption that the surface oscillates only in the 
transverse direction produces a clearly interpretable 
effect of observable grating as shown in Fig. 8. Pure 
longitudinal oscillations (in the direction of x-axis) 
produce a fractures image of the surface without any 
observable grating (Fig. 9). Elliptic motion of the 
surface produces both the interpretable grating and a 
fractured topological image of the surface (Fig. 10).  
 

 
Fig. 10. Effects caused by elliptic (transverse and 

longitudinal) oscillations. 
 

 
Fig. 11. Effects caused by elliptic oscillations (2D 

projection). 
 

Detailed analysis of Fig. 10 and Fig. 11 reveals 
that the observable grating lines are straight what 
contradicts to the experimental results. On the 
contrary, analysis of the experimental image (Fig. 6) 
shows that the static image is not fractured. The 
explanation comes from the inherent feature of 
experimental visualisation software used for the 
generation of digital images from AFM scans [8]. 
Two neighbouring scanning lines are automatically 
correlated for the local micro-surface properties. 
The calculated lag is used to shift the new scanning 
line in respect of the previous scanning line in order 

to produce a smooth surface. What happens is that 
the reconstructed image of the surface becomes 
smooth, but the observable grating lines fractionise 
(Fig. 6). Though the image processing algorithm 
modifies the reconstructed surface, both the density 
of the grating lines and the local curvature of these 
lines can be effectively exploited for the 
reconstruction of the magnitudes of transverse and 
longitudinal oscillations.  

 
4 Concluding Remarks 
A technique for AFM measurement of elliptic 
vibrations of piezoceramics is presented in this 
paper. Though the interpretable range of frequencies 
is rather limited, such measurements can be of a 
high value for testing properties of piezoelectric 
materials. 

The observable grating caused by the periodic 
oscillation of the measured surface can be used for 
identification of the amplitude of vibrations.. Non-
dimensional amplitude of vibrations can be directly 
determined from 3D projections of the digital 
images. Calibration of the interpretable height then 
results into accurate determination of the nanoscale 
amplitudes. 
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