
Abstract—A new scanner design for a high-speed atomic 
force microscope (AFM) is presented and discussed in terms of 
modeling and control. The lowest resonance frequency of this 
scanner is above 22 kHz. The X and Y scan ranges are 13 
micrometers and the Z range is 4.3 micrometers. The focus of 
this contribution is on the vertical positioning direction of the 
scanner, being the crucial axis of motion with the highest 
bandwidth and precision requirements for gentle imaging with 
the atomic force microscope. A mathematical model of the 
scanner dynamics is presented that will enable more accurate 
topography measurements with the high-speed AFM system.  

I. INTRODUCTION

HE atomic force microscope (AFM) [1],[2] is a very 
powerful tool to image [3] and manipulate [4] at the 

scale of only a few nanometers. The principle of this 
instrument is to scan a sample in close vicinity of a very 
sharp tip that is supported by a micromechanical cantilever. 
During this scanning process the tip probes the sample 
surface either in permanent contact (contact mode) [3] or by 
being oscillated at the cantilever’s resonance frequency 
(tapping mode) [5]. To get quantitative information about 
the sample topography the tip sample interaction force is 
held constant by closed-loop operation. A feedback 
controller varies the position of the sample (or the 
cantilever) in the vertical (Z) direction such that the 
cantilever deflection (in contact mode) or oscillation 
amplitude (in tapping mode) is held constant. The output of 
the feedback controller thus represents directly the 
topography information (cf. e.g. [6]). For this purpose the 
positioning system has to be characterized and calibrated in 
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the Z-direction carefully.
The scanning motion as well as the movement in Z 

direction is performed by the so called scanner [7], which is 
typically a piezo-based system in order to achieve sub-
nanometer precision in all three spatial directions.  

One crucial issue in AFM development is the very slow 
imaging speed. For imaging of soft biological samples and 
in order to get reliable quantitative information about the 
sample topography the tip-sample interaction force has to be 
kept at a minimum and constant, i.e. with minimum 
variations in the cantilever deflection or amplitude signal. 
This puts high requirements on the feedback and actuation 
system, in particular motion in the Z-direction. 

In the past years some efforts have been made to speed up 
the AFM by introduction of additional fast actuators to the 
vertical direction [8],[9], scaling down the scanner [10], 
making it more rigid [11], and by utilizing modern control 
methods [6],[12]-[18]. Model based controllers have been 
implemented to speed up the scanning motion [12]-[16] and 
to improve the performance of the AFM system in the Z 
direction [6],[17],[18]. Improvements also have been 
reported by utilizing control based methods to advance the 
accuracy of the recorded data when transforming the 
feedback signal into topography information [6],[17],[19]. 

This article presents a new design (Section II) and a simple 
mathematical model (Section III) of our high-speed scanner, 
which enables imaging speeds that are more than two orders 
of magnitude faster than commercial systems [20]. The 
derived mathematical model is verified by experimental data 
(Section IV). The accurate characterization is an important 
prerequisite for gentle quantitative imaging of biological 
processes on the molecular level in real-time. In order to get 
a better representation of the sample topography, the derived 
mathematical model can then be easily integrated in an 
improved version of the software that records the AFM 
image data. 

II. SCANNER DESIGN

A. Scanner Design 
The mechanical design of the high-speed scanner is based 

on stack piezos and flexures according to Figure 1. The key 
in this design is to make the scanner compact and rigid, i.e. 
to make the mechanical paths as short as possible, in order 
to achieve high first resonance frequencies in all positioning 
directions.  
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For actuation in the scanning directions (X and Y) this 
scanner is built in the push-pull principle, i.e. for each 
scanning motion one (or more) pair of piezos is integrated in 
the scanner to form a balanced structure (see Fig. 1, X and 
X ). This has three main advantages: i) The actuation is 
mechanically balanced, i.e. the recoil into the supporting 
structure is minimized, ii) two piezos provide a higher force 
for actuation, and iii) the scanner is thermally balanced for 
minimal drift and even allows for implementation of a strain 
gauge full-bridge circuit that is also thermally balanced. This 
strain gauge bridge circuit can be used for closed-loop 
control of the scanning motion. 

In order to decouple the different axes of motion the Z 
actuator is mounted on a center piece that is moved by the 
scanning piezos. For the decoupling of the X and Y motion 
this center piece is connected to the scanning piezos via the 
comb-like flexures according to Fig. 1. These flexures are 
rigid along the axis of motion of the corresponding piezos 
and in Z direction, and are weak in the perpendicular 
scanning direction. The flexure frame between the comb-
flexures and the scanning piezos (deformed black square 
that is connected to the support material in Fig. 1) increases 
the stiffness of the supporting structure of the Z piezo and 
suppresses the trampoline motion that would occur, if the Z 
piezo was only held by the scanning piezos. Simultaneously 
this flexure frame confines the movement of the scanning 
piezos to their respective direction of actuation and 
suppresses any torsion or out of plane motion. 

The actual design of the scanner has been optimized using 
finite element analysis (FEA) tools (ANSYS, Canonsburg, 
PA). The predicted first resonance frequencies in the 
scanning directions are at 27 kHz and in the Z direction at  
33 kHz. The positioning range of this scanner is 13 
micrometers in the X and Y directions and 4.3 micrometers 
in the Z direction. 

B. Scanner Implementation 
The scanner has been built using aluminum as the center 

piece and flexure material and a steel base housing for rigid 
support of the piezo stack actuators. A photograph of the 
fully assembled scanner is given in Fig. 2. 

The scanning motion is performed by two pairs of piezos 
in each scanning direction. The two flexure frames that hold 
the scanning piezos (see Fig. 2) increase the stiffness of the 
system in the Z direction. We want to note that by adding 
additional pairs of piezos in the X and Y directions, the scan 
range could be extended further. The push-pull structure in 
the X-direction is comprised of four piezo stack actuators 
with a nominal unloaded positioning range of 9 micrometers 
(AE0505D08, Tokin-NEC, Sendai City, Japan). The same 
assembly is implemented for actuation in the Y-direction. 
This symmetric design allows for full image rotation during 
imaging with the AFM. A piezo stack actuator with an 
unloaded nominal range of 4.3 micrometers (AE0203D04, 
Tokin-NEC, Sendai City, Japan) is glued on the center piece 
to perform the actuation in the Z-direction. 

The piezo stacks are driven by custom made amplifiers 
(Techproject, Vienna, Austria) that have been designed for 
the specific capacitive load in order to achieve a high-
positioning bandwidth. The driving voltage of the piezos is 
between 0V and 150V. A 75V offset is applied to all piezos 
to drive them symmetrically around this start position. The 
scanning signals are generated by a custom made data 
acquisition system [21] that also records the AFM images. 

Fig. 1.  Scheme of the high-speed scanner. The comb-like flexures in 
the center decouple the scanning directions X and Y. The inner frame 
confines the movement of the scanning piezos in the Z direction and 
provides a rigid support of the Z piezo in order to achieve a high 
resonance frequency and suppress trampoline motion of the scanner. 

Fig. 2.  Photograph of the high-speed scanner. The center piece with 
the comb-flexures and the two frames to stiffen the system in Z 
direction can clearly be seen. 
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III. MODELING OF THE SCANNER

In this section a simplified mathematical model of the 
scanner is derived that explains some dynamics of the 
system along the vertical positioning axis. 

The device is a complicated mechanical system with many 
oscillatory modes. We start by developing a simple 
mathematical model that captures only one mode. The 
scanner system is modeled as two masses supported by a 
spring with damping. A schematic diagram is shown in     
Fig. 3. 

Let m1 and m2 be the masses, k the effective spring 
constant, and c the damping coefficient. Furthermore, let the 
positions of the center of the masses be x1 and x2. The 
elongation of the piezo stack is = x1 - x2. Let the reaction 
force created by elongation of the piezo stack be F. A 
momentum balance gives the following model for the 
system. 
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When operating the Z-piezo we are interested in the 
transfer function from the elongation  to the top of the 
piezo stack m1. We have 
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This transfer function is characterized by three parameters: 
The resonance frequency )/( 210 mmk  of the 
total mass oscillating against the spring. 
The relative damping 

)(2 21 mmk
c .

The parameter = m2 / (m1+m2) which is 
determined by the ratio of the masses. 

The parameters can be determined from a step response. 
The parameter  can be obtained from the initial and final 
values of the step, and the frequency and relative damping 
from the oscillation period and decay. Examples of step 
responses for different parameters are shown in Fig. 4.  

More accurate modeling can be obtained from the 
frequency response. The Bode plots of the transfer function 
are shown in Fig. 5.  

Fig. 3.  Model of the high-speed scanner in the vertical direction. 

Fig. 4.  Step responses for the model (1) with  = 0.02 and  = 0.7 
(solid blue), 0.8 (dashed red) and 0.9 (dotted blue) (upper curves). 
The lower curves show the step responses when a time constant of the 
power amplifier of A = 0.07/ 0 has been added. 
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We have 
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approximately at 0 and we have 
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For small  the dip in the frequency response occurs 
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For = 0.9 and  = 0.02 the expressions give a peak of 
2.69 and a dip of 0.38, and the dip occurs at 05.1/0 .

IV. EXPERIMENTAL DATA

The model derived in Section III is verified by 
experimental data presented in this section.  

Step responses of the scanner in the Z-direction are 
measured. A piece of a silicon wafer is glued on top of the 
piezo as a standard specimen. The Z-position of the sample 
is sensed by the AFM cantilever operated in contact mode 
without scanning. For this experiment the photo diode signal 
displaying the cantilever deflection represents the system 

output. The input of the power amplifier for the Z piezo is 
regarded as the system input. The input steps are generated 
by a function generator (HP 3311A, Palo Alto, CA). Fig. 6 
shows a measured step response at an input step height of 
80mV (blue signal) that is amplified by the power amplifier 
to 1.2V (red signal). This voltage is applied to the piezo and 
represents a nominal step height of 34 nm. The cantilever 
deflection is measured by the optical lever setup of the AFM 
using a custom made high-bandwidth deflection electronics 
(green signal) and the electronics of the commercial AFM 
(purple signal), respectively. The measured step response 
(green signal) is in good agreement with the simulation in 
Fig. 4. 

Amplitude versus frequency data of the amplifier and 
scanner system in the vertical direction are recorded with a 
network analyzer (4395A, Agilent, Palo Alto, CA). The 
input to the system is again the input of the power amplifier. 
The system output is the vibration of the top of the sample 
on the Z piezo measured by a scanning laser vibrometer 
(OFV-3001, Polytec, Waldbronn, Germany). The sinusoidal 
frequency sweep with constant excitation amplitude is also 
generated by the network analyzer. Using the vibrometer we 
recorded velocity data of the piezo top during the frequency 
sweep. The velocity data are converted into position data by 
dividing gain by frequency and subtracting 90° from the 
phase, according to an integration of a sinusoidal signal. The 
nominal time-delay of the vibrometer of 1.9 microseconds is 
also removed from the phase data. Fig. 7 shows a typical 
bode plot that has been recorded. The most dominant 
frequency peak occurs at about 40 kHz and is in good 
agreement with the simulation shown in Fig. 5. 

Fig. 5.  Bode plot of the model (1) with  = 0.02 and  = 0.7 (solid 
blue), 0.8 (dashed red) and 0.9 (dotted blue). 

Fig. 6.  Measured step response of the high-speed AFM system in Z-
direction. System input: input of the power amplifier; system output: 
AFM deflection signal. (A) Input step signal (blue, 50mV/div), 
(B) output of the power amplifier (red, 500mV/div), (C) high-
bandwidth cantilever deflection (green, 200mV/div),  
(D) low-bandwidth cantilever deflection (purple, 2V/div); 
time scale: 25 μs/div. 
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V. RESULTS AND DISCUSSION

The experimental data shown in Section IV are in good 
agreement with the mathematical model of the scanner 
derived in Section III. 

From Fig. 6 the rise time of the voltage at the amplifier 
output (red signal, B) is determined to be about                    
10 microseconds. The time of the upward ramp in the 
cantilever deflection signal is about the same for the high-
bandwidth deflection electronics (green signal, C) and about   
25 microseconds for the electronics of the commercial 
system (purple signal, D).  The extended length of the rise 
time in the case of the electronics of the commercial system 
is due to the low pass characteristics of the dividing 
amplifier that normalizes the cantilever deflection signal to 
the sum of the detected laser signal. The measured step 
response, however, is in good agreement with the modeling 
and simulation shown in Fig. 4. The small and fast 
oscillations (Fig. 6, green signal) that are superimposed on 
the modeled oscillations are presumably due to the 
resonance of the Z piezo itself. 

 The amplitude spectrum in Fig. 7 shows the resonance 
peak at about 40 kHz and the dip (anti-resonance) as 
modeled and shown in Fig. 5. The spectrum also shows a 
resonance peak at about 120 kHz (data not shown), which is 
the resonance frequency of the piezo as mentioned above. 
The additional delay when comparing the phase vs. 
frequency plot of Figs. 5 and 7 is due to the low pass 
characteristics of the power amplifier. This will also be 
considered in the future implementation of a model-based 
controller [17] for the high-speed scanner. The mathematical 
model derived in this article helps to investigate the 
dynamics stemming from the scanner structure for a better 
understanding of the system dynamics in terms of design 
guidelines and potential for additional improvement. The 
multiple resonance and anti-resonance pairs between 22 and 

35 kHz are attributed to the flexures for the X and Y 
movement, which is in agreement with the frequency range 
of the scanner resonances in the X and Y directions obtained 
from the FEA simulations. These peaks, however, are not 
the most dominant ones in the frequency response of the 
scanner in the Z direction. At about 40 kHz the amplitude 
spectrum clearly shows the resonance peak of the system. 
The dip in the spectrum occurs at about 42 kHz.  

By comparing the measured step response in Fig. 6 to the 
simulated one in Fig. 4 the ratio of the masses is determined 
to be about 9.0 .   m1 represents half of the Z-piezo plus 
the sample mass and is 10 percent of the total mass 
for 9.0 . This means that for the Z-direction the effective 
mass of the supporting structure is about four times the mass 
of the Z-piezo. 

From equation (1) it is seen  that  the transfer  function  is 
Gx1l (s)=1 if  is 1. From Figs. 4 and 5 it is seen that the 
larger  is, the smaller are the oscillations due to the Z-piezo 
support. Although using a heavier material or building the 
supporting structure in Z-direction thicker might 
compromise the scanning motion by increasing the moved 
mass, but it would also increase the mass ratio and therefore 
reduce the influence of its dynamics. On the other hand, 
since this behavior is known in advance, it can be 
compensated for by utilizing modern model-based control 
methods (cf. [17]). This would keep the system fast in the 
scanning direction and lead to a better performance of the 
AFM system in the vertical direction. Additionally, such a 
model-based controller also has the potential for direct 
implementation of the improved transformation of the 
control action into the topography signal.  

In order to demonstrate the performance of the new high-
speed AFM system, a silicon calibration grating with 44 nm 
deep etched squares at a pitch of 3 micrometers has been 
imaged at 1030 lines per second, i.e. at 4 frames per second 
(see Fig. 8). For generating the scanning signals and 
recording the images, a high-speed DAQ-system [21] has 
been used. Feedback operation for tracking the cantilever 

Fig. 7.  Bode plot measured with a scanning laser vibrometer. The 
resonance – anti-resonance pair around 40 kHz can clearly be seen in the 
amplitude and in the phase trace. 

Fig. 8.  Silicon calibration grating, showing 44 nm deep etched squares 
with a pitch of 3 micrometers. Images are recorded at a scan rate of 1030 
lines per second and a resolution of 256x256 pixels. (A) feedback 
signal, representing the topography; (B) deflection image, representing 
the control error. 
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deflection is done with an analogue proportional-integral 
feedback controller. Images are recorded in contact mode, 
where the topography image (represented by the feedback 
signal) and the deflection image (representing the control 
error) are displayed.  

VI. CONCLUSION

In this paper we present the design and a simplified 
mathematical model of a high-speed scanner for an atomic 
force microscope. The model obtained from first principles 
gives a good basis for implementing a model-based 
controller for better control performance and an observer for 
more accurate conversion of the control action into the 
topography signal [6][17][19]. Experimental step responses 
and frequency spectra verify the mathematical model and 
enable to obtain quantitative values of some unknown 
parameters of the mathematical model. 

Performance results demonstrating the high-speed 
imaging capability of the new AFM system are shown. 
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