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Abstract—A key hurdle to achieve video-rate atomic force microscopy (AFM) in constant-force contact mode is the inadequate
bandwidth of the vertical feedback control loop. This paper describes techniques used to increase the vertical tracking bandwidth
of a nanopositioner to a level that is sufficient for video-rate AFM.
These techniques involve the combination of: a high-speed XYZ
nanopositioner; a passive damping technique that cancels the inertial forces of the Z actuator which in turns eliminates the low
20-kHz vertical resonant mode of the nanopositioner; an active
control technique that is used to augment damping to high vertical resonant modes at 60 kHz and above. The implementation of
these techniques allows a tenfold increase in the vertical tracking
bandwidth, from 2.3 (without damping) to 28.1 kHz. This allows
high-quality, video-rate AFM images to be captured at 10 frames/s
without noticeable artifacts associated with vibrations and insufficient vertical tracking bandwidth.
Index Terms—Atomic force microscopy, constant-force, flexure,
nanopositioning, video-rate.

I. INTRODUCTION
HE atomic force microscope (AFM) has been a crucial instrument for studying and interrogating material surfaces
on the sub-nanometer scale. The AFM produces 3-D topographical images of a sample by probing its surface with a sharp tip
attached to the free end of a micro-cantilever. The sample is
raster-scanned over a surface area. Interaction forces between
the tip and the sample cause the micro-cantilever to deflect. The
deflection measured at each scan point, which is a representation
of the sample height, can then be plotted as a function of the
tip’s lateral position to generate the 3-D image of the surface.
The versatility of AFMs and their unique abilities to investigate
sample surfaces in air, vacuum and liquid environments have led
to the development of a large number of operating modes, such
as contact, semi-contact and non-contact modes [1], [2]. These
developments have paved the way for substantial advancement
in a variety of fields since the invention of AFM in the 1980’s
[3], including in biological and life sciences [4]–[6], semiconductor metrology and manufacturing [7]–[9], nanofabrication
[10]–[12], and high-density data storage systems [13], [14].
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The AFM’s ultra-sharp tip (a few nanometer wide) provides it
with 106 times more magnification compared to that of conventional optical microscopes [15]. However, a commercial AFM
may require a long time to acquire an image. For example, with
a typical scan-rate of 1 Hz, it takes more than 2 minutes to obtain
a 128×128 pixel resolution image, which is too slow for high
throughput applications such as in nanofabrication [11], [16]
and imaging of fast biological processes [5], [17].
There are several factors that limit the scan speed of AFMs
[1], [5], [18]–[21]. Many of these arise from limited bandwidth
of certain components of the AFM system, including the resonance frequency of the micro-cantilever, the speed of the data
acquisition system, the resonance frequency of the nanopositioner, and the bandwidth of the vertical feedback control loop
that regulates the tip-sample interaction force. It is possible to
achieve video-rate scanning by improving only the X/Y tracking bandwidth through mechanical design and advanced control
techniques, and to avoid the vertical feedback loop by operating
in constant-height contact mode [22]–[24]. However, due to the
lack of vertical feedback in constant-height mode, it is impossible to control the force acting on the sample during a scan. As a
result, constant-force contact mode is a more suitable technique
to avoid sample damage.
One approach to high-speed AFM is to separate the fast Zstage from the slow XY-stage [25]–[27]. This method avoids the
vibrations induced by the fast Z-stage to propagate through and
excite the resonances of the XY-stage. Although this arrangement has the advantage of mechanically decoupling the XY and
Z stages, it may (i) complicate the operation of the optical system that is used to measure the deflection of the micro-cantilever
[25], and (ii) lead to a reduction of the mechanical bandwidth
of the XY-stage [1], [28].
This paper focuses on achieving video-rate AFM scanning
in constant-force contact mode using a high-speed XYZ
nanopositioner. To achieve video-rate AFM, a flexure-based
nanopositioner with high resonance frequencies in the X, Y
and Z axes and low cross-talk among the three axes is used to
replace a commercial AFM XYZ scanner. The main challenge
of using the XYZ nanopositioner in video-rate scanning is
to simultaneously avoid vibrations in all three axes. This is
because the fast movement of the vertical piezoelectric stack
actuator generates impulsive forces that excite the XY resonant
modes. Here, these impulsive forces are mechanically canceled
(passively damped) by using a dual-mounted Z-stage configuration [23], [28], [29]. A pair of piezoelectric stack actuators are
driven simultaneously with the same magnitude but in opposite
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Flexure-based XYZ nanopositioner.

direction to counterbalance the impulsive forces. As a result, the
low resonant mode that lives at 20 kHz is passively suppressed
and the subsequent resonant modes which need to be controlled
appear at 60 kHz and above. To further increase the vertical
bandwidth, active damping control technique is implemented to
suppress these resonances. Here, the integral resonant control
(IRC) technique is used to augment damping to the resonances.
IRC has been used in damping multiple resonant modes
of flexible structures with collocated sensors and actuators
[30], [31]. In this work, the IRC technique is realized with a
collocated force sensor and an integral controller [32]–[34].
The IRC method is simple to implement and it provides good
robustness and guaranteed stability [30], [31], [35]. By combining both active and passive damping techniques, a 28.1 kHz
vertical tracking bandwidth is achieved. With this bandwidth,
high-quality video-rate AFM images in constant-force contact
mode are successfully recorded at 10 frames/s.
The remainder of the paper proceeds as follows. Section II
describes the AFM nanopositioning system. The design and
implementation of the passive and active damping control techniques are presented in this section. Section III presents the
experimental setup and the AFM images obtained using the proposed nanopositioning system. The AFM image performances
are discussed. Section IV concludes the paper.
II. CONTROL OF THE AFM NANOPOSITIONING SYSTEM
A flexure-based XYZ nanopositioner as shown in Fig. 1 was
used to perform the video-rate scans in this work. The nanopositioner consists of a Z-stage mounted in series to a XY-stage.
The XY-stage has a parallel-kinematic configuration. Detailed
design procedures and characterization of the nanopositioner
can be found in [28], [36].
A. Lateral Axes
The first resonances of the X and Y axes appear at 13.7 kHz
and 11.6 kHz respectively. Each lateral axis is driven by a 5 mm
× 5 mm × 10 mm Noliac SCMAP07 piezoelectric stack actuator
with a capacitance of 380 nF. The measured travel range of both
axes is 7 μm. The fast lateral X-axis was driven by an in-house
built high-bandwidth voltage amplifier which has a peak current
of 1 A and a voltage gain of 20. The slow Y-axis was driven by a
PiezoDrive PDL200 voltage amplifier. Two 100-kHz bandwidth
capacitive displacement sensors (MicroSense 6810) were used

Fig. 2. (a) Block diagram of the X-axis feedback control loop. Y-axis control
loop is identical to that of X, therefore, it is not shown in the diagram. (b) X and
Y axes frequency responses.

to measure the X and Y lateral motions of the nanopositioner.
A Polytec Micro System Analyzer (MSA-400) was used to
measure the frequency responses of the nanopositioner.
Scan-induced vibrations are a cause of common image artifacts in video-rate AFM. In this work, analog IRC were designed and implemented to damp the first resonant peaks of the
two lateral axes of the nanopositioner. The block diagram of the
damping control loop is shown in Fig. 2(a). Since the focus of
this paper is on the vertical axis of the nanopositioner, a brief
explanation of the IRC is discussed here. Further details can be
found in [31], [36].
The IRC scheme includes a feed-through term and an integrator which resembles the characteristic of a low-pass filter. A
common way of designing an IRC is to firstly obtain an accurate
model, Gx/y that captures the dominant resonant mode of the
plant. This is followed by adding a small feed-through, D to the
plant so that the Gx/y + D transfer function has zeros followed
by interlaced poles, instead of the resonant poles then zeros.
The modified Gx/y + D is now more conducive to integral
feedback. To select an integral gain that provides maximum
damping to the system, the loop gain is analyzed. A root-locus
plot shows the trajectories traveled by the poles due to the
change of system gain. It also reveals the damping of each pole
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Fig. 3. Schematic and frequency response of the (a) single-mounted Z-stage without the inertial counterbalancing technique, and (b) dual-mounted Z-stage with
the inertial counterbalanced damping technique.

along the trajectory. A gain with maximum damping can therefore be chosen from the root-locus plot. The transfer function
of the IRC implemented on both the lateral feedback control
loops is CI R C = −100000/ (s + 45000). The two axes openand closed-loop frequency responses are shown in Fig. 2(b).
The IRCs augment substantial damping to the resonances
reducing magnitudes of the two resonant peaks by at least
18 dB.
B. Vertical Axis
One approach to generate Z movement in the AFM system is
to mount a Z-stage on the XY-stage [37], [38]. Here, this arrangement is referred to as the single-mounted Z-stage configuration.
This approach is simple and straightforward, however, the inertial forces caused by the rapid movement of the Z actuator tend
to excite the resonant modes of the XY-stage. To demonstrate
this, a Z-stage which consists of a 3 mm × 3 mm × 6 mm piezoelectric stack actuator and a diaphragm flexure, was mounted on
the XY-stage as shown in Fig. 3(a). A high-bandwidth voltage
amplifier with a voltage gain of 20 was used to drive the piezoelectric stack actuator. The diaphragm flexure was used to guide
the motions as well as to provide preloads to the piezoelectric
stack actuator. A sample was glued onto the platform of the
Z-stage. When the piezoelectric stack actuator was excited by a
pseudo-random input with a bandwidth from 10 Hz to 100 kHz
(generated by the MSA-400), the measured first resonant peak

appears at 20 kHz. This resonance is the trampoline mode of the
XY-stage instead of the vertical mode of the Z-stage [28]. This
is due to the impulsive forces, induced by the fast movement
of the vertical piezoelectric actuator, which propagate through
the structure and excite the XY-stage. Fig. 3(a) shows the measured frequency response from the input voltage Va to sample
displacement d of the single-mounted Z-stage. In this configuration, the maximum achievable bandwidth of the vertical feedback control loop is limited by the low 20-kHz resonant peak.
1) Passive Damping With Dual-mounted Configuration:
The trampoline mode of the XY-stage can be suppressed passively by mounting an identical Z-stage to the bottom of the
XY-stage as illustrated in Fig. 3(b). A dummy sample, with approximately the same weight as the sample, was glued onto the
platform of the bottom Z-stage. The two piezoelectric stack actuators are simultaneously actuated in opposite directions, and
when the mass is balanced correctly, the bottom actuator counterbalances the inertial forces exerted by the top actuator, which
in turns effectively cancels the 20 kHz vertical resonant peak of
the XY-stage. Fig. 3(b) shows the measured frequency response
from Va to d of the dual-mounted Z-stage. Note that the three
resonant peaks are located at frequencies slightly different from
that of the single-mounted configuration due to the weight difference between the two devices. The zero-pole pattern in the
magnitude response is due to the slightly heavier dummy sample compared to that of the sample at the top Z-stage [28]. The
low 20-kHz resonant peak is eliminated in this dual-mounted
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Fig. 4. Feedback control loop of the dual-mounted Z-stage driven by piezoelectric stack actuators with collocated force sensors.

configuration showing insignificant magnitude and phase profiles in the frequency response. As shown in Fig. 3(b), the dominant resonant peaks are now located at 60 kHz and 83 kHz. A
controller can then be designed to control these resonant modes
in order to achieve a broader Z-bandwidth.
2) Active Damping Control: In order to control the 60 kHz
and 83 kHz modes, the setup shown in Fig. 4 was used. The idea
is to use piezoelectric sensors to generate the requisite measurement. These sensors exhibit high sensitivity, wide bandwidth
and low noise at high frequencies [39]. To construct the collocated force sensor, two 3 mm × 3 mm × 2 mm Noliac CMAP06
piezoelectric plate transducers were glued together; one to serve
as an actuator and the other as a force sensor. Fig. 4 shows the
wiring of the Z-stage in the dual-mounted configuration and its
associated control block diagram.
Active vibration control of the vertical axis may appear as
quite a challenging task, due to the presence of a relatively
large number of vibration modes in GV s V a (s), as illustrated in
Fig. 5(a). However, the collocated nature of the actuator/sensor
pairs, makes it possible to design and implement a controller
that has a simple structure and is very efficient in damping those
vibration modes. In particular, the frequency response function of −GV s V a (s) resembles a negative imaginary system [30].
Positive position feedback connection of a negative imaginary
system, G(s) with a strictly negative imaginary controller, K(s)
is guaranteed to be stable as long as G(0)K(0) < 1 [35], [40].
This makes the IRC a viable compensator for GV s V a (s), in
negative feedback. The IRC has been used as a damping controller in a variety of flexible structures with collocated sensors
and actuators [30], [31], [35]. The controller has a simple structure, is quite robust, is easy to implement and is capable of
damping a relatively large number of vibration modes of the
structure.
The feedback control loop is illustrated in Fig. 6. The IRC
controller Cd (s) has the following structure,
Cd (s) =

γ
,
s+η

η, γ > 0.

The control problem boils down to selecting parameters η and γ so that adequate bandwidth is achieved and
−GV s V a (0)Cd (0) < 1. The latter constraint guarantees closed
loop stability when −GV s V a (s) is negative imaginary.

Fig. 5.

Measured frequency responses of the Z-stage.

Fig. 6.

The IRC loop realized with a collocated force sensor.

There are a number of ways to determine η and γ. One method
is discussed in Sec. II-A. Another tuning method can be found
in [41]. The method chosen here is to first select η so that over
the range of frequencies where vibration modes of the nanopositioner exist, the controller resembles an integrator. In particular,
phase of the controller must be close to −90◦ at resonance frequencies of the nanopositioner. Having selected a pole for the
controller, all that remains is to determine an appropriate gain.
A gain is selected so that the modes are suppressed by at least
15 dB with gain and phase margins no less than 6 dB and 45◦
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Fig. 7.

Circuit diagram of the IRC control loop in the vertical axis.

respectively. Due to the high-bandwidth nature of the plant, the
compensator was implemented as an analog controller.
The controller that was designed and implemented has the
transfer function,
177304.96
.
Cd (s) =
s + 6.447 × 104
The corresponding circuit diagram is shown in Fig. 7. This
controller achieves gain and phase margins of 9.97 dB and
45.7◦ respectively. To evaluate the effectiveness of this controller, measured frequency responses from Va to Vs and from
Va to d are plotted in Fig. 5. Here, d is the displacement of
the sample measured using a Polytec MSV-400 Laser Scanning
Vibrometer. As illustrated in the measured frequency responses
of GV s u and Gdu , in Fig. 5, the 60-kHz and 83-kHz resonant
peaks are substantially damped. From the magnitude response
of Gdu (s), it can be observed that these resonant peaks are suppressed by approximately 15.8 dB and 19 dB respectively. The
nearly flat frequency response of Gdu (s) makes the stage ideal
for high-speed atomic force microscopy. To this end, we point
out that although frequency response of −GV s V a (s) deviates
from the negative imaginary criterion over a certain range of
frequencies, the designed IRC appears to be quite robust and
functions with satisfactory performance.

Fig. 8. (a) Nanosurf EasyScan 2 AFM and the XYZ nanopositioner. (b) Operating AFM in constant-force contact mode using the proposed control techniques.

III. IMAGING EXPERIMENTS AND RESULTS
The nanopositioner whose vibratory dynamics are damped by
a combination of active and passive methods is used as the scanning stage of an AFM to achieve video-rate imaging. The device
was mounted under a commercial Nanosurf EasyScan 2 AFM
as shown in Fig. 8(a). To operate the AFM in constant-force
contact mode, the AFM optical system was used to measure the
cantilever’s deflections. The AFM’s vertical feedback loop was
replaced with an external high-gain integral feedback control
loop in order to regulate the tip-sample interaction forces at highspeeds. The schematic of this arrangement is shown in Fig. 8(b).
An ASM 750-HD calibration sample with a pitch of 738 nm and
a feature height of 100 nm was used to evaluate the AFM images. The sample was mounted on the nanopositioner and was
raster-scanned with pure sinusoidal waveforms at 100 Hz, 200
Hz, 500 Hz and 1000 Hz. Sinusoidal scanning was used to avoid
vibrations induced from the lateral axes. This method is used in

Fig. 9. Comparison of constant-force contact mode AFM images obtained at
200 Hz line-rate with the vertical loop bandwidth of 2.3 kHz [(a) & (b)] and
28.1 kHz [(c) & (d)]. The size of the image is 5 μm ×5 μm. (b) & (d) show
single-line information of the sample heights and force errors of the two scans.
Locations of the single-line information taken from the AFM images are shown
in white dashed lines in (a) & (b).
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Fig. 10. AFM images of an 5 μm × 5 μm area of the calibration gratings with 128 × 128 pixel resolution obtained at 100 Hz, 200 Hz, 500 Hz and 1000 Hz line
rates respectively.

Fig. 11. Image sequence of the sample recorded at 10 frames/s showing the movement of the sample from right to left. Every second image in the sequence is
illustrated. Scan size: 3.2 μm × 3.2 μm. Frame pixels: 100 × 100.

tuning fork based AFMs [42] and a number of other non-raster
scanning techniques [22], [43]–[46]. A BudgetSensors AFM
cantilever Tap190Al-G with a force constant of 48 N/m and the
first resonance frequency of 190 kHz was used to perform the
scans. The tip-sample force was regulated at 40 nN during the
scans. A MSA-050-3D Polytec data acquisition system with
a maximum sampling rate of 2.56 MHz was used to record
the images.
With the vertical damping control techniques in place, we
were able to increase the gain of the integral controller Ci (s)
to 1.12 × 106 with loop gain and phase margins of 10 dB
and 52.4◦ respectively. This increases the vertical tracking
bandwidth from 2.3 kHz (without damping) to 28.1 kHz.
Fig. 9 compares the image quality obtained at 200 Hz line rate
with vertical tracking bandwidths of 2.3 kHz and 28.1 kHz
respectively. The image captured with the 2.3 kHz bandwidth
shows a “smudging” effect on the features which is an artifact
associated with insufficient vertical tracking bandwidth [1],
[21]. Figs. 9(b) and 9(d) show the single-line sample heights
(in nm) and tracking errors (in nN) of the undamped and
damped systems respectively. The tracking force error of the
undamped system is significantly higher than that of the damped
system. It is evident that the image quality is substantially
improved with a tenfold increase in the vertical tracking
bandwidth.
Fig. 10 shows images of a 5 μm × 5 μm area of the sample grating recorded at the four line rates. A sequence of images showing the movement of the sample (from right to left)

recorded at 10 frames/s is shown in Fig. 11. All images show
similar quality with their RMS force errors kept within 8.36 nN.
These results cannot be achieved by using the commercial AFM
scanner and its associated vertical feedback control loop.

IV. CONCLUSIONS
One of the main limitations in obtaining high-quality videorate AFM images in constant-force contact mode is the insufficient bandwidth of the vertical feedback control loop. In this
work, this hurdle was overcame by combining a high-speed
flexure-based nanopositioner with active and passive damping
control techniques. To use passive damping control, two identical Z-stages were mounted to the XY-stage. The Z piezoelectric stack actuators were actuated concurrently with the same
magnitude but in opposite directions. This dual-mounted configuration counterbalances the impulsive force induced by the
top actuator, which in turns, eliminates the low 20-kHz resonant peak of the nanopositioner. With the 20-kHz resonance
suppressed, an active controller was implemented to suppress
the subsequent resonant peaks that live at 60 kHz and above.
IRC technique was used to control these resonances. With the
combination of the above mentioned damping techniques, the
vertical feedback bandwidth was increased to 28.1 kHz which
is a tenfold improvement on the open-loop nanopositioning system. This high-bandwidth nanopositioning system enabled us
to obtain high-quality constant-force video-rate AFM images at
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10 frames/s without artifacts related to scan-induced vibrations
and insufficient vertical tracking bandwidth.
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