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Atomic Force Microscope Vertical Feedback Control Strategy for
Semi-Automated Long-Range Probe Landing

Freddy Romero Leiro, Georges Daher, Stéphane Régnier, and Mokrane Boudaoud

Abstract— Traditional Atomic Force Microscopes (AFM) al-
low a short range displacement of the AFM probe, on the
order of several tens of micrometers. When used inside an
Electron Microscope (EM), the probe must be able to move on
a millimeter scale with nanometer resolution. This is essential
for the probe to reach any region of interest on a sample
observed by an EM. In this paper, we address a challenging
issue related to semi-automated long-range landing of an AFM
probe on a sample. The probe is mounted on a piezoelectric
inertial actuator. It is initially several millimeters away from
the sample and must be safely landed to a distance on the
order of hundred of nanometers (intermittent contact region).
The control strategy is divided into three steps: (i) long-range
velocity control using a stepping control, (ii) short and fine
position control using a mixed stepping/scanning control, and
(iii) position/force control using a scanning control. While
traditional manual landing methods take a tremendous amount
of time to complete the procedure, the proposed semi-automated
method enables a safe long-range landing in less than 3 minutes.
More generally, this is the first experimental demonstration in
the literature of such a capability in AFM.

I. INTRODUCTION
Atomic force microscopy (AFM) is a branch of local probe

microscopy [1]. It is one of the main methods of observation
and measurement at the nanoscale. When the tip of the
AFM probe is sufficiently close to a surface, interaction
forces between the tip and the surface appear. The dominant
interactions are due to Van der Waals (VdW) forces [2].
By scanning the probe over the surface of a sample while
remaining in the region of the interaction forces, the AFM is
able to reconstruct the topography of the surface. In AFM,
feedback control is required for probe landing and placing on
the sample surface [3] [4], for scanning purposes [5][6][7][8]
and to set mechanical parameters of the probe with Phase-
locked loop for certain modes of operation of the AFM [9].

An AFM can be used with another microscope to help
guiding the probe in a region of interest on the sample.
Examples on the use of AFM tools coupled with a Light
Microscope (LM) and an Electron Microscope (EM) can be
found in [10] and [11] respectively. The EM providing a
much better image resolution than LM, it is preferred when
it comes to guide an AFM probe in a region of interest
at the nanometer scale. Due to the very high magnification
capability of EM, to be able to reach any region of interest
on sample observed by an EM, the AFM probe must have the
capability to navigate with a displacement range to resolution
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Fig. 1: Control scheme of the AFM composed of a 3-DOF serial
cartesian robot and an Akiyama probe.

ratio of several million times. For instance, the AFM probe
must be able to move on a distance of several mm or cm
to reach any region on a sample as well as of few nm to
operate in a narrow area. For this reason most of robotic
systems holding probes and operating inside SEM use long-
stroke actuators such as stepping piezoelectric actuators that
operate in two distinct modes: low resolution stepping mode
and high resolution (nanometer) scanning mode [12][13].

This paper addresses the closed-loop control of the vertical
motion of an AFM probe for accurate and safe landing on
a sample surface. Specifically, the work aims to implement
a control strategy for long-range probe landing which is the
first step when using an AFM inside an EM. Automated
short-distance probe landing methods with a micrometer
range displacement have been proposed in the literature.
It mainly consists in controlling respectively the position
and the contact force before and after the detection of the
interaction forces [4]. For automated procedures, a dual stage
consisting of a coarse and fine actuator connected in series
can be used [3][14][15]. In [3], the phase velocity is used
to detect the probe sample contact in amplitude modulation
AFM. In [12], probe landing is achieved by an iterative ap-
proach alternating between fine and coarse actuation modes.
A fine stage holding the AFM probe is actuated using a
force and position feedback control. The coarse stage is
controlled in position with an amplitude smaller than the
stroke of the fine stage. The algorithm is defined in such a
way that contact between the tip and the sample can only
occur during the movement of the fine positioner, which
guarantees a precise and safe detection of the contact. The
iterative sequence of fine and coarse positioning is repeated
until contact is made between the probe and the sample. The
duration of this procedure depends on the initial distance



between the sample and the probe. The landing procedure
can also be performed in a teleoperated manner using a
haptic interface [16] or a remote control [17] [18][19]. The
method proposed in this paper is divided into three steps.
First, a long-range velocity control using a stepping control
[20] is used for millimeter-range displacement. The speed of
the probe movement is set by the user. Second, a short fine
position control using a mixed stepping/scanning control [21]
is implemented to provide controlled contact with nanometer
range motion resolution. Finally, position and force controls
complete the last step of the motion. The proposed semi-
automated method allows for a safe long distance landing of
the AFM probe in less than 3 minutes.

The paper is structured as follows. Section II describes
the experimental setup. The vertical tip landing strategy is
presented in section III and the control methodologies in
sections IV, V and VI. Experimental results are shown and
discussed in section VII. Section VIII concludes the paper.

II. EXPERIMENTAL SETUP

The system includes a 3-DOF serial cartesian robot
(Fig.1). All its axes use the same type of piezo-electric
stick-slip (PSS) actuators which can be controlled in two
modes: stepping mode, where a sawtooth signal produces a
stick-slip motion; and scanning mode, where the actuator is
moved using a smooth voltage in order to avoid the stick-
slip action. The stick-slip mode allows the axis to move with
a stroke of 12 mm, while the scanning mode is used for
precise positioning at nanometer resolution and a maximum
range of 1.6 µm. All axes have an integrated laser encoder
position sensor with 5 nm of resolution. This device has been
modeled in [12]. Several control strategies dedicated for PSS
type actuators that are partially used in this paper have been
proposed in previous works [20][22][23].

The robot is used as a nano-positioning device to perform
atomic force microscopy (AFM). It is equipped with an
Akiyama probe (A-probe), as shown in Fig.1. The A-probe is
designed to perform Frequency Modulated AFM (FM-AFM)
and it is best suited for operation in the intermittent contact
region [9]. The A-probe is composed of two elements: a
quartz tuning fork through which the probe is actuated
with a voltage signal and a cantilever with a sharp tip
attached to both arms of the tuning fork. The A-probe
works by the principle of self-sensing using the piezo-electric
quartz tuning fork [9]. The driving signal of the A-probe
is controlled using a Amplitude control loop and a Phase
Lock Loop (PLL) working in parallel to keep the driving
frequency at the resonant frequency of the probe at all times
during its interaction with the surface. The output of the
PLL is the frequency shift D f of the A-probe’s resonance
with respect to its free resonant frequency. Once the A-probe
is located in the intermittent contact region, the AFM is
performed by keeping constant D f with a force control loop
on the Z-axis of the cartesian robot. Also, as shown in Fig.1,
position and force controllers are designed to perform AFM
imaging. The force control loop is only engaged when the A-
probe is located in the intermittent contact region. Outside

Fig. 2: Camera used for the live video and side view of the probe.

this region, the Z-axis is controlled only in position. The
position at which the A-probe stabilizes in the intermittent
contact region depends on the reference D f chosen in the
force control loop and the amplitude of oscillation of the
probe. In addition to the information provided by D f , the
user has a live video feed of the position of the A-probe
through a side-mounted camera (Fig.2)

III. VERTICAL LONG-RANGE CONTROL STRATEGY

The method consists of four steps. Each controller is
detailed later in the article:

Step I (Velocity stepping mode control): The Z axis
is controlled in stepping mode using a sawtooth voltage
whose frequency is adjusted by a proportional controller.
This strategy is a variation of the of the f/u proportional
controller first proposed in [24]. In this Step, the user can
control the probe approach speed. The switch to Step II is
made by the user when she/he considers that the probe is
close enough to the surface relying on the camera feedback.

Step II (Position mixed stepping/scanning mode con-
trol): The stroke of the actuator in scanning mode being
limited to 1.6 µm, it is necessary to alternatively apply a
stepping mode controller to allow a long distance positioning
while having the possibility to realise a very precise position-
ing in scanning mode. In Step II, the strategy consists then in
a mixed mode of stepping and scanning control. The mixed
controller is designed so that contact between the probe and
the sample can only occur during scanning control. When
contact is made, the controller of Step II switches to Step III.
The switching condition is defined by the frequency shift of
the A-probe. The switch from Step II to Step III is performed
using a smooth transfer strategy, i.e. bumpless.

Step III (Position/force scanning mode control): the tip
is positioned in the intermittent contact region. The user can
chose to stay in Z-position control or to activate the force
control loop. Once engaged, the force controller keeps the
frequency shift of the A-probe constant and makes the system
ready to perform an AFM scan.

Step I is a good option to speed up the globale long-range
vertical motion process but it must switch to step II well
before the contact for safety reasons. In Step II, the speed
of the operation can not be as fast as in Step I, but the
strategy allows a safer contact detection. In the following,
each controller involved in steps I, II and III is described.



Amp
Freq

Sign

Output
Sawtooth

Linear 
power supply

Arduino
Deu

Electronics
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IV. CONTROL FOR LONG-DISTANCE APPROACH

To control the position and velocity of the Z-axis in
stepping mode, a home-made sawtooth generator is designed.
It is based on an Arduino Due development board (Fig.3).
The parameters of direction (sign), frequency and amplitude
of the sawtooth signal are controlled using three independent
analog signals. The sawtooth amplitude can range from 0 to
5 V. This voltage is then amplified 20 ⇥ before powering the
actuator. The frequency signal can range from 20 Hz to 20
kHz by controlling an analog input signal ranging from 0 to
3.8 V. A proportional frequency controller is designed using
Matlab/Simulink and implemented using a dSPACE control
board. The structure of the controller is shown in Fig.4. The
gain Kf is set to 1 and the amplitude of the sawtooth voltage
is kept at 5 V before amplification. Fig.5 shows experimental
results of the closed loop displacement of the actuator using
the controller when tracking of a 1 Hz and 2 µm sinusoidal
reference signal. The positioning error is less than 20 nm.

A control of the amplitude of the sawtooth signal is not
needed because when the Z-position is close to the set-
point, the error signal changes sign back and forward rapidly.
This changes the direction of the sawtooth signal while the
frequency is reduced, making the signal flatter with a reduced
amplitude. The net result is a control signal that is no longer a
pure sawtooth, and whose frequency and amplitude change in
response to the position error. This indirect amplitude control
mechanism is illustrated in Fig.6. Since the initial distance
between the probe and the surface is not known precisely, it
is not intuitive to define a position reference for the closed
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Fig. 4: Block diagram of the frequency proportional controller for
long-range approach.
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loop system. Therefore, providing a velocity reference while
imposing a linear motion for the actuator is more intuitive
to a user. It is a much better way to control the approach.
This is done by introducing an integrator into the setpoint
(Fig.7). Therefore, the user controls the speed and direction
of motion of the probe (ascent or descent) by controlling
the magnitude and sign of the integrator input, respectively.
The integrator state is reset to 0 each time the controller is
disconnected to avoid wind-up and saturation. Also, when the
controller is connected, the position at that moment is kept
as the new initial position by using a signal hold block. This
is to prevent the Z-axis from jumping to the last previous
reference when reconnecting. In section VII, this control
structure will be referred as the Stepping controller. A direct
velocity feedback is not used because the velocity signal
provided by the sensor in stepping motion is very noisy [20].

V. CONTROL FOR SHORT-DISTANCE APPROACH

The stepping mode involves stick and slip movements of
the actuator. Each slip causes strong oscillations on the AFM
probe. During the Z descent, these rapid position changes
caused by the sawtooth signal can damage or destroy the
probe. Therefore, we must ensure that the contact between
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the probe and the surface is made in scanning mode which is
much more accurate and controllable. However, in scanning
mode, the actuator has a limited range of 1.6 µm. Hence, a
mixed stepping/scanning mode control is devised (Fig.8).
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Fig. 8: Block diagram of the mixed stepping/scanning control
scheme.

Based on the experimental step response of the actuator,
the transfer between the input voltage and the actuator
position is identified as follows:

Gz =
0.0135

8.687⇥10�10s2 +1.768⇥10�5s+1
µm/V (1)

The position controller C1 is designed based on Gz and
pole-zero cancellation with integral action. It allows an open
loop gain crossover frequency (unity-gain frequency) of 4
Hz. It is intentionally designed to be slow for a safe probe
sample contact detection. The transfer function of C1 is:

C1 =
1

Gz

✓
2013

s(s+159.7)

◆
(2)

The actuation signal Uz (Fig.8) alternates between a 8 Hz
sawtooth signal and the output of C1. The switch between the
two signals is done smoothly through the supervisor C1sup

which makes sure that the output of C1 is equal to that
of the sawtooth when disconnected. When C1 is active, the
input reference position is a 4 Hz square signal of 1 µm of
amplitude. The switching condition is controlled by a 2 Hz
square signal. It also controls a signal hold block which sums
to the position setpoint. This is added so that the reference
position signal is given with respect to the new Z-position
after the stepping positions caused by the sawtooth signal.
The amplitude of the sawtooth signal is set to 22 V after
amplification. The experimental controlled position of the
Z axis with the mixed stepping/scanning actuation mode
is shown in Fig.9. The maximum amplitude of Z during
the scanning control is always higher then the maximum
amplitude of the next stepping motion. This difference in
amplitude is the safety margin as shown in Fig.9. In this way,
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Fig. 9: Experimental measurements of the controlled Z-axis posi-
tion during the mixed stepping/scanning motion.

we ensure that the contact between the probe and the surface
will occur during the scanning mode control and never in
stepping mode. In section VII, this control structure will be
referred as the Mixed controller.

VI. BUMPLESS CONTACT AND FORCE CONTROL

To allow a smooth A-probe/sample contact, the control
laws must pass smoothly from Step II (Fig.8) to Step III
(Fig.1). The control structure that is in charge for a bumpless
switching is shown in Fig.10. The switching conditions
are defined on the basis of the user’s decision to engage
the mixed stepping/scanning sequence (Step II), and the
frequency shift D f signal coming from the PLL. In the latter
case, when D f reaches 40 Hz, a transition between Step II
and III happens by switching the output from C1 to C2. The
detailed control scheme of Step III is also shown in Fig.10.

The position controller C2 is designed based on pole-zero
cancellation with integral action. It allows an open loop gain
crossover frequency of 1 kHz. It is much faster than C1. This
high bandwidth is necessary because C2 is used for fast AFM
imaging. The transfer function of C2 is:

C2 =
1

Gz

✓
5.032⇥108

s(s+7.984⇥104)

◆
(3)

The switch between C1 to C2 is done smoothly thanks to the
supervisor C2 sup.

In section VII, this control structure will be referred as the
Scanning controller. Finally, in order to perform an AFM
for topography, the vertical long-range probe landing must
end with a force control. The aim is to keep the frequency
shift D f at a constant value. For this purpose, a force
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controller Cf is designed based on the transfer function
between the position of the Z axis and D f . This model,
identified experimentally, is defined as follows:

Gak =
378.7

1.759⇥10�8s2 +9.284⇥10�5s+1
Hz/µm (4)

Cf is designed based on pole-zero cancellation, considering
Gak, with integral action. It allows an open loop gain
crossover frequency of 150 Hz. Its transfer function is:

Cf =
0.036s

2 +1.289s+5131
s(s+1812)

(5)

Cf is activated by the user once the tip is in the intermittent
contact region after performing bumpless contact.

VII. CONTROL IMPLEMENTATION AND EXPERIMENTAL
RESULTS

A. Implementation of the control scheme

The block diagram showing all the controllers, the home-
made sawtooth generator, the Z-axis and the A-probe is
shown in Fig.11. The control scheme is implemented using
dSpace DS1007 board running at 25 kHz. The Steps II
and III are designed using digital control schemes, rep-
resented by the Mixed controller and Scanning controller

blocks respectively in Fig.11. This is different from Step I
control structure where the output of the Stepping controller

is from the sawtooth generator. The latter generates a signal
whose frequency can reach 20 kHz, exceeding the Shannon
frequency of the card. For this reason, the transition from
the stepping controller to the other two is not as smooth as
the transition between the mixed controller and the scanning
controller. The switch from the analog sawtooth generator
output to the dSpace voltage output Uz is done by an analog
multiplexer (MUX in Fig.11). While the stepping controller
is running, the controllers C1 (Fig.8) and C2 (Fig.10) have
their outputs set to 0 through the supervisors C1 sup and C2 sup.
The switch from the stepping controller is done while the
approach speed is close to 0. Hence, the output of C1 and
C2 are close to the output of the sawtooth generator at that
instant, so the jump is small. This is not critical because
at this point, the A-probe tip is far from contact. Also,
when switching from Step I, the approaching sequence will
not start immediately, the controller connected by default
is the scanning controller with a set position at zero. The
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Fig. 11: Block diagram of the complete long-range probe-landing
control scheme.

system will remain in this state until the user decides to start
the mixed stepping/scanning approach sequence. Finally, to
avoid any contact between the probe and the surface during
the long-range motion, the approach speed is set to zero
whenever D f is outside a window of ±4 Hz.

B. Experimental Results

The complete experimental displacement of the Z-axis
during the long-range probe landing is shown in Fig.12
(a). The three Steps of approach as well as the transitions
between Steps are visible. Here, we see that the user changes
the speed of the long-range approach, starting with a fast
approach of 100 µm/s, then reducing it to 50 µm/s, and
finalizing at 5 µm/s before stopping once the signal D f is
close to -3 Hz. At this point, the user switches to the next
step by closing the MUX. In Fig.12 (b), the jump in Z-
position generated by the switch from the stepping controller
to the scanning controller is around 200 nm. This small
jump is acceptable given that at this point the tip of the
A-probe is still about tens of µm from contact. What follows
is a short waiting time until the user decides to engage
the mixed controller. The Z-axis proceeds to perform the
mixed stepping/scanning movement until the signal from
the A-probe reaches the desired threshold (40 Hz) in the
intermittent contact region. As shown in Fig.12 (c), once the
threshold is reached, the switching from the mixed controller
to the scanning controller happens smoothly without any
noticeable jump in the Z-axis position. This is corroborated
in Fig12 (e) where D f reaches 40 Hz and stays around this
value after the bumpless transfer. Now that the A-probe’s tip
is in the intermittent contact region, the force controller Cf

is engaged manually by the user (Fig.12 (d)). As seen in
Fig.12 (f), D f proceeds to stabilize around 70 Hz. Initially,
the probe was at a distance of ⇡ 2.5 mm from the surface. In
less than 3 minutes, the system is ready for AFM imaging.

VIII. CONCLUSIONS

In this study, a vertical feedback control strategy is pro-
posed for semi-automatic probe landing of a long range
AFM. The method has been described and guidelines have
been proposed. The control strategy has been successfully
tested experimentally. The A-probe started its travel from a
distance of 2.5 mm and has been landed smoothly avoiding
damage in less than 3 min. It has been possible to stabilise
the frequency shift of the A-probe at 70 Hz, which is
equivalent to a 130 nm positioning within the intermittent
contact region. The procedure consisted of three steps. Step
I is a long-range approach in which the user can control the
approach speed at will while seeing at the video feed of a
side-view camera. Once the probe-surface distance is judged
to be within tens of micrometers, the user switches to Step
II. The short-range approach has been done automatically
using a mixed stepping/scanning motion. At the end, the tip-
surface contact is reached smoothly using a bumpless transfer
control strategy. In Step III, a force control is activated which
maintains D f constant. At this point, the system is ready
to perform AFM imaging. This is the first time that this
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capability is demonstrated. Here, the AFM is not inside an
electron microscope (EM), but the robot used in this study
and the A-probe are designed to operate in EM. The results
obtained in this paper will significantly accelerate the AFM
process in the EM domain, where long-range positioning and
landing is an essential prerequisite.
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