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We identify the dynamics of an atomic force microscope 共AFM兲 in order to design a feedback
controller that enables faster image acquisition at reduced imaging error compared to the now
generally employed proportional integral differential 共PID兲 controllers. First, a force model for the
tip–sample interaction in an AFM is used to show that the dynamic behavior of the cantilever
working in contact mode can be neglected for control purposes due to the relatively small oscillation
amplitude of the cantilever in response to a defined topography step. Consequently, the dynamic
behavior of the AFM system can be reduced to the behavior of the piezoelectric scanner making the
design of a model based controller for the AFM possible. Second, a black box identification of the
scanner of a commercial AFM 共Nanoscope IIIa, Digital Instruments兲 is performed using subspace
methods. Identification yields a mathematical model of the scanner which allows us to design a new
controller utilizing H ⬁ theory. Finally, this controller is implemented on an existing AFM and
operated in contact mode. We demonstrate that such an H ⬁ -controlled AFM system, while scanning
at rates five times faster than conventional PID-controlled systems, operates with reduced
measurement error and allows scanning at lower forces. © 2001 American Institute of Physics.
关DOI: 10.1063/1.1387253兴

I. INTRODUCTION

Larger images at the micrometer scale, which are usually
taken in the constant force mode to avoid damage to sample
and tip, can take several minutes to acquire. This is mostly
due to the low resonant frequency of the piezoelectric scanners used for scanning and responding to the PID-feedback
signal controlling the imaging force. Faster scan speeds will
result either in oscillations of the scanner or, if the PIDfeedback settings are set low enough to avoid such oscillations, an increase in the cantilever deflections around the
setpoint value. Both situations lead to variations of the imaging force which might damage the sample and/or tip. Furthermore, in the former case, images will be distorted by
oscillations caused by instabilities of the closed loop AFM
system consisting of the scanner, the cantilever, the photodiode, and the controller system. Several approaches have been
taken to enable faster image acquisition. The easiest method
is to scan in the constant height mode, i.e., to disable the
feedback completely.1,2 This, of course, introduces the problem of varying force as mentioned above. A method devising
a special feedback strategy to compromise between constant

Atomic force microscopes 共AFM兲 use a sharp tip supported on a cantilever to trace the topography of a sample
scanned underneath the tip by a piezoelectric scanner 共Fig.
1兲. In the so-called contact mode, the deflection of the cantilever is often monitored by an optical lever and a segmented photodiode. Generally, a proportional integral differential 共PID兲-feedback scheme is employed to keep the
deflection of the cantilever, and thus the imaging force, constant by varying the position of the sample along the z axis
according to its topography. The actual value of the imaging
force can be set by the setpoint. This operation mode is referred to as the ‘‘constant force mode.’’ Although the atomic
force microscope is capable of imaging surface features at
high resolution, it only does so at relatively low speeds.
a兲
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TABLE I. Parameters of the JKR force model.
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FIG. 1. A schematic diagram of an atomic force microscope.

height and constant force mode has also been implemented,3
which ameliorates the force problem to some extent. Other
approaches circumvent the low resonance frequency of the
scanner by either introducing high frequency piezo segments
to the scanner for its z movement4 –7 or by employing cantilever arrays with integrated actuators allowing direct force
control through the cantilever and imaging in parallel.8,9 The
former approach limits the z range and the maximum sample
height whereas the latter requires specially designed cantilevers. Finally, there is the approach of using better feedback
strategies for the AFM system which is pursued in this article. To our knowledge, only theoretical investigations in
this direction have been published that are concerned with
the cantilever-sample interaction10,11 or the scanner.12
This article presents both the mathematical modeling of
the complete AFM system as well as the design and implementation of a new controller. The main interest is to increase the scanning rate by utilizing model based modern
control methods. The controller, which is designed for high
performance, has to be robust because of the nonlinearities of
the system and the uncertainties of the model.
To design a robust controller, a mathematical model of
the atomic force microscope is required.13 Therefore the individual system components which are part of the closed
loop controlled AFM system have to be modeled. These
components are the tip–sample interactions, the cantilever,
the photodiode, and the piezo scanner. The input of the scanner’s z-voltage amplifier is regarded as input of the AFM
system. The output of the AFM system is the signal of the
photodiode.
In Sec. II of this article two physical models are derived.
The first physical model concerns the tip–sample interaction,
which is based on the Johnson–Kendall–Roberts 共JKR兲

radius of the tip
number density of the tip
number density of the sample
minimum energy of the Lennard-Jones potential
spherical approximation of the molecule diameter

force model,15 while the second model describes the dynamic behavior of the cantilever.14,15
The third section presents a black box identification16 of
the piezo scanner using subspace methods17,18 to obtain the
mathematical model of the scanner dynamics in the z direction, which is along the axis of symmetry of the piezoelectric
scanner.
Finally, in the fourth section an H ⬁ controller,13 which
considers the higher frequency dynamics of the closed-loop
AFM system, is designed for the purpose of accelerating the
scanning process in constant force mode. The designed controller is subsequently implemented on an existing AFM operating in contact mode.
Experiments compare a well-tuned PID controller, which
is implemented on our commercial AFM system, with the
derived H ⬁ controller 共Sec. V兲 and show that a significant
improvement in scanning speed can be achieved without
having to compromise resolution.

II. PHYSICAL MODELING
A. Tip–sample interaction

For scanning of hard samples, the JKR force model can
be used which considers only interactions in the contact area
between tip and sample.14,15 This model consists of the
Lennard-Jones potential and a modified Hertz model. The
force interaction of the Lennard-Jones type
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and the tip–sample separation z. The parameters of this
model are summarized in Table I.
The Hertz model describes the interaction between two
spheres and considers the deformation of the spheres, if they
are in contact. By setting the radius of the sample to infinity
we get the interaction between a plane surface and a spherical tip. This model has to be modified because the zero point
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TABLE II. Parameters of the modified Hertz model.
z0
1
2
E1
E2

zero point of the Lennard-Jones potential
Poisson ratio of the tip
Poisson ratio of the sample
Young’s modulus of the tip
Young’s modulus of the sample

of the resulting force has to be identical with the zero point
of the Lennard-Jones potential z 0 . 15 Assuming a small indentation of the plane by 兩 z 0 ⫺z 兩 ⰆR we get
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where the parameters are described in Table II. Combining
these two force models we get
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FIG. 3. Amplitude spectrum of the cantilever used in the identification of
the scanner.

with the position d 1 and the velocity d 2 of the tip. The variables used in Eq. 共8兲 are described in Table III. This model
describes the oscillation of the cantilever above a flat surface.
For consideration of the sample’s topography the model has
to be extended by an input u. Due to the scanning process
this new model input u is a function of time. Transforming
Eq. 共8兲 into a new state space model by using the coordinates
and the system input u and output w as shown in Fig. 4 we
get
ḋ 1 共 t 兲 ⫽d 2 共 t 兲 ,
ḋ 2 共 t 兲 ⫽⫺

k
1
0
d 2 共 t 兲 ⫺ 关 d 1 共 t 兲 ⫺z 1 ⫹u 共 t 兲兴 ⫹ F 共 d 1 共 t 兲兲 ,
Q
m
m

w 共 t 兲 ⫽⫺d 1 共 t 兲 ⫹u 共 t 兲 ,

and the force curve shown in Fig. 2.

共9兲

with the topography u(t) of the sample.
B. Cantilever dynamics

By exciting the cantilever with a sinusoidal sweep signal, we see that the spectrum of the cantilever shows just one
main resonance frequency 共Fig. 3兲. Thus the cantilever can
be modeled as a soft damped single spring mass resonator,
which is detuned by the nonlinear force F(z) given by Eq.
共7兲. The equations of motion of the oscillator system are
ḋ 1 共 t 兲 ⫽d 2 共 t 兲 ,

0
k
1
d 共 t 兲 ⫺ 关 d 1 共 t 兲 ⫺z 1 兴 ⫹ F 共 d 1 共 t 兲兲 ,
ḋ 2 共 t 兲 ⫽⫺
Q 2
m
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共8兲

C. Simulation of contact mode

Figure 5 shows the time response of the deflection to a
step up and step down in the sample surface simulating Eq.
共9兲 and the behavior of the force F(d 1 (t)). The simulated
steps have a height of 1 nm 关Fig. 5共a兲兴. The parameter values
used for the simulation are shown in Table IV.
The spring constant of the cantilever is calculated by
measuring its dimensions with a scanning electron microscope and using the equation presented by Sader.21 The quality of the oscillator is defined by the equation
Q⫽

0
,
⌬

共10兲

with the resonance frequency  0 of the cantilever and the
bandwidth ⌬ at 1/& of the resonance peak height. The
mass of the cantilever is reduced to its free end14 and is
calculated by the equation
m⫽

k

 20

共11兲

.

The nonlinear nature of the tip–sample interaction as
shown in Fig. 2 can be seen in the asymmetrical response
TABLE III. Variables of the equation of motion of the cantilever.

FIG. 2. The force F as a function of the tip–sample separation z. Section AC
shows the Lennard-Jones potential. In section AB the Van der Waals interaction dominates and in section BC the Pauli repulsion dominates. Section
CD shows the modified Hertz model.

F(d 1 )
Q
0
k
m
z1

interaction force
quality factor of the oscillating cantilever
resonance frequency of the cantilever
spring constant of the cantilever
reduced mass of the cantilever
static height of the tip

Downloaded 27 Jul 2001 to 129.69.33.25. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp

Rev. Sci. Instrum., Vol. 72, No. 8, August 2001

Feedback for fast AFM

3323

TABLE IV. Values of the parameters used in the simulation of the contact
mode.
k
 共Ref. 19兲
⑀ 共Ref. 19兲
 1a
 2a
Rb
Qb
 0b
 1 共Ref. 15兲
 2 共Ref. 15兲
E 1 共Ref. 14兲
E 2 共Ref. 14兲
a

FIG. 4. Schematic diagram of the AFM system showing the dimensioning
used for the transformation of the equations of oscillation into a new state
space model with the sample topography as input u and the signal of the
photodiode as output w.

signal to the step up and down, respectively 关Fig. 5共d兲兴. Figure 5共b兲 shows the deflection signal of the cantilever. Figure
5共c兲 shows a close-up of Fig. 5共b兲 highlighting the cantilever
oscillation after the step up. Apparently, the oscillation amplitude is negligible compared to the height of the step, i.e.,
for the contact lever used in the simulation, the amplitude of
the damped oscillation as a result of the tip–sample interaction is only a tiny fraction of the deflection. For real AFM
systems, the magnitude of this oscillation is usually below
the precision of the analog-to-digital converter. Furthermore,
the frequency of the oscillation is in the range of 700 kHz
which is beyond the dynamic range of the controller running
at a sampling rate of 65 kHz.22 Thus the dynamic behavior of
the cantilever does not have to be considered and modeling

0.12 N m⫺1
0.34 nm
3.79⫻10⫺22 J
5⫻1028 m⫺3
5⫻1028 m⫺3
50 nm
100
2  ⫻20⫻103 s⫺1
0.5
0.5
179⫻109 N m⫺2
179⫻109 N m⫺2

Calculated using data from Ref. 20.
Parameters chosen by us, reflecting a cantilever used in the experiments.

b

the AFM system can be reduced to the dynamics of the piezo
scanner and the photodiode. In the expected frequency and
deflection range the photodiode shows a static and linear
behavior and consequently can be modeled by using a constant gain. As a result, only the dynamics of the scanner have
to be taken into account. Due to the complexity of the scanner, we chose to identify the scanner 共see Sec. III兲 instead of
modeling it.
III. IDENTIFICATION OF THE PIEZO SCANNER
DYNAMICS

Physical modeling of the piezo scanner would be too
complex because of the complex geometry and due to the
fact that the scanner is a distributed system. In contrast, system identification allows one to build mathematical models
of a static or dynamic system based on measured data without any need for knowledge of the system’s geometry and
material properties. Measured data consist of the excitation
signal connected to the system’s input and the system’s output response to this input. For example, to identify a dynamic system consisting of a series-resonant circuit, one
would connect a dynamic voltage signal to the curcuit’s input
and measure the voltage signal, e.g., of the capacitor. Calculating the relation between the system’s input and output, one
obtains the second-order differential equation describing the
behavior of the resonant circuit.
To obtain the input and output data, the system is excited, e.g., by a white-noise signal, while the system’s input
and output signals are measured.16 Using the measured input/
output data, a mathematical model of the system is derived
by utilizing several identification algorithms such as output
error16 or subspace-based17,18 methods. The quality of the
obtained model can be tested by a comparison of the model’s
output to the measured output using validation data which
were not used for the model identification.
A. Equipment

FIG. 5. Simulated response of the AFM system operating in contact mode to
a 1 nm step up and down. 共a兲 Simulated input steps. 共b兲 Cantilever deflection
signal in response to 共a兲. 共c兲 Close up of 共b兲 highlighting the small oscillations of the cantilever. 共d兲 Tip–sample interaction force in response to the
input in 共a兲. The cantilever and force oscillation wavelengths are not resolved at the time scale of this image and, thus, they are represented by their
filled envelopes.

Tests are performed on an AFM system 共Nanoscope IIIa,
Digital Instruments兲 to identify a Digital Instrument’s ‘‘J’’
class piezoelectric tube scanner. The measurement setup for
obtaining the input and output data is shown in Fig. 6. For
generating the excitation a Pentium 233 MHz MMX with a
CIO-DAS1601/12-A/D-D/A card 共ComputerBoards兲 is used
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FIG. 6. Block diagram of the measurement circuit to get the input and
output data for the identification of the scanner.

as the target PC operating with the Matlab Realtime
Workshop.23 The low voltage excitation signal is a bandlimited white-noise signal generated with the ‘‘white noise
block’’ of Matlab Simulink, with a bandwidth of 20 kHz and
several values of the noise power by varying the maximum
signal amplitude from 100 to 600 mV. This signal is connected to the z input of the scanner’s voltage amplifier. Mica
is used as the sample because of its hard surface and the
ability to avoid surface contamination by cleaving the
sample just before each measurement. The extension and
contraction of the scanner in z direction are measured with
the usual AFM deflection measurement setup using a hard
contact lever 共NP Silicon Nitride Probes Nonsharpend, 100
Wide, Digital Instruments兲. Because the resonance frequency
of this cantilever is at about 42 kHz 共see Fig. 3兲, the dynamics of the lever should not be visible in the model. The deflection of the cantilever is measured by the photodiode
whose signal is stored by the target PC.
B. System identification

From the measured input and output data a linear model
of the scanner, which includes the factor modeling the photodiode, can be derived by using a numerical subspace based
state space system identification algorithm.17,18
The model order is chosen to be four because investigations showed that a higher order does not provide substantial
reduction of the modeling errors but considerably increases
the calculation time of the model. The higher order model
would be a limiting factor in the real time application of the
control process, because the order of the controller, and thus
the calculation time of the control signal, would increase.

FIG. 7. Model verification of the scanner identification in the z direction.
Comparison of the measured output 共solid line兲 to the simulated output
共dashed line兲 of the identified model. The two curves fit very well showing
only marginal, occasional separations. The comparison was done using a
separate set of validation data than the ones used for identification.

FIG. 8. Bode diagram of the identified system showing amplitude and phase
of the transfer function.

Figure 7 shows a comparison of the measured output to the
simulated output of the identified discrete model using validation data. It can be seen that the measurement and the
simulation yield conform results and fit very well. As shown
by Daniele et al.12 and verified by our identification experiment 共see Fig. 7兲, the nonlinear behavior of piezoelectric
materials, i.e., hysteresis, creep, and coupling between the
various motion axes, can be neglected in a first step and thus
a linear model can be identified.
Figure 8 shows the bode plot of the identified system.
The scanner has dominant low pass characteristics with a
resonance at about 4.2 kHz and an antiresonance at about 5.5
kHz. Furthermore, the model shows two stable real poles at 1
and 3.4 kHz, respectively, and a nonminimum phase zero of
the transfer function at a frequency of 9.2 kHz, which limits
the possible bandwidth of the closed loop control system.
Although these three values cannot be seen clearly in Fig. 8,
their existence can be shown easily.24
PID control is sufficient for processes where the dominant dynamics are of the first or second order. For higher
order processes or processes with oscillatory modes a more
sophisticated control is needed to improve the performance.25 The bandwidth of the PID-controlled AFM system is limited by the main dynamics of the scanner, which is
given by a stable real pole at a frequency of about 1 kHz.
Improved control performance and, thus, faster image
acquisition can be achieved using a more complex controller
than the PID controller because the scanner model is of the
order of four. The scanning rate can be increased by utilizing
modern model based control methods because a model based
controller is able to handle the high order dynamics of the
system which occur at frequencies beyond the bandwidth of
the PID-controlled AFM system. Another advantage of this
kind of control is the robustness against model uncertainties
as they could appear in a change of the deflection detection
system’s constant gain by using another cantilever.
IV. CONTROLLER DESIGN

Fast image acquisition is impossible using a PID controller on account of the high order dynamics of the piezoelec-
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FIG. 10. Structure of the closed loop control system and the simulation of
the scanner for data storage.
FIG. 9. Comparison of a simulated step response of the closed loop AFM
system controlled by an H ⬁ controller 共solid line兲 and a well-tuned PID
controller 共dashed line兲, respectively. The upper panel shows the position z
of the scanner surface and the lower panel the control signal v .

tric scanner 共see Sec. III and Ref. 25兲. Control performance
can be improved using modern model based controller design. We chose to design a linear H ⬁ controller, owing to the
ability to specify requirements to the closed loop controlled
system such as no steady-state error, rejection of measurement noise, and robustness against model uncertainties.
These requirements have to be defined in the form of mathematical equations 共weights兲 by which the model of the system to be controlled is extended. For this extended model a
controller is calculated by minimizing the H ⬁ norm13 so that
the closed loop controlled system complies with the specifications given in the controller design.
For the system identified in Sec. III a linear H ⬁ controller was designed using a standard S/KS/T scheme.13 The
requirements of the closed loop system are robustness
against modeling errors and as-fast-as-possible sequential
control. Robustness against modeling uncertainties is necessary to account for modeling errors in the identification as
well as changes in the nominal model of the AFM system,
e.g., by using another cantilever. Further, integrating behavior leading to no permanent control error and robustness
against modeling errors beyond 10 kHz are required because
the accuracy of the identified model cannot be guaranteed at
higher frequencies. The AFM system controlled by the derived controller24 meets the required specifications. This controller is able to handle the high order dynamics of the AFM
system, which makes faster image acquisition possible. In
addition, changes to the nominal model that the controller is
designed for, e.g., by using another cantilever, can be
handled by this controller, owing to the robustness in the
controller design, which means that it is no longer necessary
to tune the controller after each change to the system contrary to the usage of a PID-controlled AFM system.
Figure 9 shows the comparison of a simulated step response of the closed loop controlled system using our newly
derived controller and a well-tuned PID-controlled system,
respectively. For a first implementation, the requirements in
the design of the H ⬁ controller were chosen very conserva-

tively for the sake of robustness. Nevertheless, the comparison to the PID-controller in Fig. 9 shows a remarkable improvement of the control performance. The position of the
scanner surface z settles rapidly, while the input signal of the
scanner v , which was normally used to display the topographic data, still oscillates to compensate the scanner dynamics. Other simulations show that this effect is strongly
reinforced by increasing the controller performance. Therefore the control signal v can no longer be used for topography acquisition. To get the current position of the scanner
surface, which is the negative value of the sample’s topography in the closed loop controlled AFM system, we simulated
the scanner by the same mathematical model as used in the
controller design 共Fig. 10兲. The identified discrete mathematical model to simulate the scanner and a discrete state
space model of the H ⬁ controller are implemented on the
target PC by using the Realtime Workshop of Matlab.23
V. EXPERIMENTAL RESULTS

To compare the performance of the H ⬁ controller described above to that of the standard PID controller used by
the commercial AFM, we chose to image purple membrane,
5 to 6 nm thick and several micrometer-sized patches from
the plasma membrane of the Halobacterium Salinarium.26
Purple membranes were prepared from suspension onto
freshly cleaved mica substrates, allowed to adsorb for 60 s,
and then rinsed in ultrahigh quality H2O 共18 M⍀ cm resistivity兲. Images of a single patch were acquired at different
scan speeds with the PID and H ⬁ controller, respectively. A
cantilever of the type NP Silicon Nitride Probes Nonsharpened, 200 Wide 共Digital Instruments兲 was used.
Figures 11共a兲 and 11共e兲 and 11共b兲 and 11共f兲 show the
topography and deflection signal of a purple membrane patch
acquired at 20 Hz line scan rate with the H ⬁ and PID controller, respectively. Figures 11共c兲 and 11共g兲 and 11共d兲 and
11共h兲 show the same area imaged at 4 Hz line scan rate with
the H ⬁ and PID controller, respectively. The controller error,
displayed by the deflection signal which is an independent
quality control, for a given scan rate is always lower for the
H ⬁ controller when compared to the PID controller. The average error 共measured at the edges of the patch兲 of the H ⬁
controller is 3 times and 5 times smaller than that of the PID
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FIG. 11. Purple membrane imaged
with an H ⬁ -controlled AFM 关共a兲, 共c兲,
共e兲, and 共g兲兴 and a PID-controlled
AFM 关共b兲, 共d兲, 共f兲, and 共h兲兴. All images
were recorded from right to left and
are 1.5 by 1.5 m2. The line scan rate
is 20 Hz for 共a兲, 共b兲, 共e兲, and 共f兲 and 4
Hz for 共c兲, 共d兲, 共g兲, and 共h兲. The
sample topography is shown in 共a兲–共d兲
关scaling from black to white is 23 nm
for 共a兲 and 共c兲 and 25 nm for 共b兲 and
共d兲兴. The cantilever’s deflection signal
is shown in 共e兲–共h兲 关scaling is 4 nm
from black to white兴.

controller at 20 and 4 Hz, respectively. Furthermore, in the
case of the H ⬁ -controlled AFM a better damping of the stick
slip effect occurs because of the increased controller performance. This can be seen in the image of the error signal 关Fig.
11共e兲兴 where the vertical lines are not as pronounced as for
the PID-controlled AFM 关Fig. 11共f兲兴. Other scans showed
that scanning can be accomplished at weaker forces with the
H ⬁ -controlled AFM as compared to the PID control. This is
possible because the reduced deflection or error signal in the
case of the H ⬁ controller allows imaging closer to the minimum force value without loss of tip–sample contact.27,28
The H ⬁ controller is designed for the complete dynamics
of the closed loop AFM system and, thus, there is no need to
tune the controller parameters any more 共see Sec. IV兲.
In summary we want to emphasize that the H ⬁ controller
provides scanning rates which are increased by a factor of 5
compared to the PID-controlled AFM system, matching the
same measurement error 关compare Fig. 11共e兲 to Fig. 11共h兲兴.
VI. DISCUSSION

In this article a first effort to implement a robust controller for an AFM system was made. The main interest was
focused on increasing the scanning rate. A mathematical
model of the AFM system was derived to design the new
controller and simulate the scanner for data acquisition. The
scanner has to be simulated because of persistent oscillations
of the control signal which disables conventional data storage. A model based controller enables fast scanning and does
not have to be tuned any more because it is designed for the
complete dynamics of the AFM system. First experiments
have shown that controlling the AFM by an H ⬁ controller
provides scanning at weaker forces and an enhancement of
the scanning rate by a factor of 5 for a given deflection or
error signal. This first attempt already shows a remarkable
improvement. We postulate, however, that this is only a fraction of the feasible scan speed when modern control utilities
are rigorously employed. Current investigations focus on
this. Furthermore, a reduction of the measurement error at
the edges of the sample is expected by using an observer
instead of the simulation of the scanner for data storage. An
observer is a control engineering tool that improves the scanner simulation by refining it with the unused information of

the measured cantilever deflection. Another field of interest
is to investigate the dynamic behavior of the tapping mode
which seems to be nonlinear or even chaotic in several cases
as shown by Basso et al.29 and by our first experiments. Future work will also focus on these aspects.
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