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ABSTRACT The invention of the nanotechnology adds a new branch to investigate and control the physical
properties of matters at atomic level. The aim of this technology is to image the characteristics of metals,
biological organs, and polymers. Scanning probe microscopy (SPM) opens a new branch to analysis the
atomic properties of the matters. Atomic force microscopy (AFM), a branch of SPM, is a versatile tool of
nanotechnology to image both conductive and non-conductive matters with high resolution. Commercial
AFM uses raster scanning technique to produce image of the matters that is responsible for low scanning
speed and image quality. The performances of AFM are hampered due to low bandwidth of the scanning unit
and vertical Proportional-Integral (PI) controller and may damage the surface of the samples. Different non-
raster scanning techniques such as sinusoidal, rotational, spiral, cycloid, and lissajous scanning have been
proposed to overcome the limitations of raster scanning method by providing high scanning speed, image
quality, and resolution. This paper presents a survey of raster and non-raster scanning methods for high
speed AFM and provides a compression between them in term of scanning speed, bandwidth and highest
achievable scanning frequency. The control techniques applied to the AFM for improving raster, sinusoidal,
spiral, cycloid, and lissajous scanning methods are studied in this paper to find most optimum scanning
technique for AFM.

INDEX TERMS Atomic force microscopy, raster scanning method, sinusoidal scanning method, rotational
scanning method, spiral scanning method, cycloid scanning method, Lissajous scanning method, scanning
speed, resolution.

I. INTRODUCTION
Nanotechnology is the important invention of the modern
science to control the properties of biological organs, metals,
and polymers. The behavior of particles largely depends on its
surface properties.The surface properties change due to num-
ber of reasons such as environmental impact and disturbance.
The atomic properties of the particles for the application of
biological science are quite challenging to measure by naked
eyes [1].

The behavior of a biological sample is mysteries and
almost impossible to visualize without the help of instru-
ments. Microscope is an important tool used to visualize
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the atomic properties of surfaces that magnifies and resolves
many properties of particles. Macroscopic image of the
objects such as plants and animals can easily be obtained by
using microscopes. But, it is unable to provide the details
information such as the position and the conditions of dif-
ferent viruses or bacteria presented in the organs or on the
surface of the object. The limitations of the microscope
are overcome by changing the magnification and resolving
abilities. Electron microscope (EM) and atomic force micro-
scope (AFM) have a large magnification and resolving abil-
ities that produce an image of the surface at the molecular
level [2].

The Electron microscope captures the image of the surface
by using a beam of electron. It releases a beam of electron on
the surface that interacts with the atoms of the particles and
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produces signal to capture image in a raster pattern [3]. This
technique is largely used to capture the image of biological
and inorganic specimens to analysis the present situation
and structure of the tissues, cells, microorganisms, metals,
and crystals. There are two types of electron microscope,
i.e. scanning electron microscope (SEM) and transmission
electron microscope (TEM).

Transmission electron microscope is generally used to cap-
ture the image of thin sample such as tissues and cells [4]. The
image is captured by releasing a high voltage electron beam
from an electron gun that is controlled by tungsten filament
cathode. This electron beam is accelerated by the anode. The
electron beam passes through the sample and generates image
in atomic level that is observed by the objective lens of TEM.
The resolution of the scanned image is poor and it can only
produce image of thin sample which is less than 100 nm [5].

Scanning electron microscope is used to capture the image
of the sample of a surface by using a beam of electron. This
technique follows the principle of raster scanning method to
capture an image [6]. A focused electron beam is directed
onto the surface across a rectangular area by SEM that inter-
acts with the atoms of the surface. The surface loses energy
which is converted to low energy secondary electron. The
emission of the secondary electron is collected by detectors
and this information is converted into image of the sample
of the surface. It provides the details information as com-
pared to TEM. This technique can enhance the properties
of the surface and capture image of a large sample. But
the resolution of the scanned image by SEM is lower than
the TEM. Its application is limited to only solid and inorganic
samples [7].

The intrinsic contrast of the surface produced by electron
microscope is low. The surface may damage due to the effect
of electric beams which limits its application. Again, this
technique produces two-dimensional image only. The lim-
itations of the electron microscope are overcome by using
scanning probe microscope (SPM) [8]–[10]. It is able to pro-
duce atomic image of the biological, chemical, and material
surface with high intrinsic contrast. The SPM consists of a
sharp probe that takes the reading of a tip and produces image
with high resolution [11].

There are several form of SPM such as, scanning
tunneling microscope (STM), scanning near-field optical
microscope (SNOM), atomic force microscope (AFM) and
electrostatic forcemicroscope (EFM). The STM, proposed by
G. Binning angH. Rohrer in 1981, is the scanning process that
takes image of conductive materials such as semiconductors
and metals [12]. A voltage is applied between the tip of the
STM and the surface whose image is be scanned. The voltage
difference is responsible to produce tunneling current that
acts as the function of the distances between them. The STM
technique can scan only conductive materials [13], [14]. Non-
conductive materials can not be scanned by this method [15].

Scanning near-field optical microscope is also known
as near-field scanning optical microscope is used in

nanotechnology [16], [17]. It consists an aperture having
smaller diameter than the excitation wavelength. This aper-
ture is used to release an excitation laser light on the surface
of the sample and scan the sample at small distance to produce
near-field below the aperture. Thus, the resolution of the
beam is limited to the diameter of the aperture. Low working
distance is the main limitation of SNOM.

Electrostatic force microscope is another kind of SPM that
is used to create image of a sample in atomic level. This
technique follows the noncontact operation mode between
the surface and cantilever [18], [19]. A voltage is applied
between the tip of the cantilever and the surface of the sample
to measure electrostatic force. The information such as the
potential and charges of the surface are recorded to construct
image of the sample. Its operation mode is limited to only
noncontact mode that is the main limitation of this technique.

FIGURE 1. Illustration of atomic force microscope.

The limitations of STM, SNOM, and EFM are overcome
by the development of atomic force microscope. Atomic
force microscope is a scanning probe microscope having high
resolution that can scan both conductive and nonconductive
materials in fraction of a nanometer [13], [14]. The schematic
diagram of AFM is shown in Fig. 1. It conducts three dimen-
sional images by using inter-atomic force between the tip and
the surface of the sample. It is more reliable and nondestruc-
tive technique as compared to the electron microscope. This
technique can even work within liquid that makes it different
from others [20]. It plays an important role in the field of
biology, polymer science, material science, and pharmaceu-
tical science. In the application of the investigation of virus,
proteins, DNA, AFM is largely used [11].

Commercial AFM follows raster pattern to image the mat-
ter [21], [22]. The raster pattern is produced by applying
triangular wave along x-axis and ramp or staircase signal
along y-axis of the positioning units. The triangular wave
consists of all odd harmonics of the fundamental frequency
that reduces the scanning speed of the AFM to 1% of the
resonant frequency of the scanning unit. To improve the
scanning speed of the AFM, different scanning methods are
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introduced such as sinusoidal [23], rotational [48], spiral [24],
cycloid [25], and lissajous scanning method [26]. These
techniques overcome the limitations of the raster scanning
method. However, the initial scanning speed of the spiral
scanning is slow whereas the cycloid scanning method scans
an area two times that limit the performance of this scanning
method. Different control techniques have been proposed to
improve the scanning quality, bandwidth, and resolution of
various scanning methods.

Reference [22] presents a survey on raster, sinusoidal
raster, spiral, and lissajous scanning for AFM based on the
scanning and sampling frequency. A comparison of these
scanning method and the design of vertical axis controller are
described in [27]. A survey on improving raster scanning for
AFM is presented in [28], [29] that describes the nonlinear
behaviors of the scanning unit and it’s control technique.
Reference [30] presents a survey on the behavior and working
methods of piezoelectric actuators against different nonlin-
earities. The relationship between the scanning speed and
sampling frequency are listed in [21], [25].

Although techniques of various scanningmethods and their
operations for the AFM has been reviewed in the afore-
mentioned references, however the summary of the control
techniques to improve the scanning accuracy of the non-raster
methods of the AFM needs to be addressed. In this paper,
we first derive the mathematical expression of the working
principle for the raster, sinusoidal, rotational, spiral, cycloid,
and lissajous scanning techniques, then we summarize the
performances of the scanning methods for a given scanning
time and pixels-per-line and the summarization shows that
lissajous scanning method performs faster as compared to
the other scanning methods. References [28], [29] provides
a summarization of the performances between raster, spiral,
cycloid, and lissajousmethods. However, they did not provide
any comparison between these methods. We then, summarize
and compare the performances of the control techniques that
have been applied for improving non-raster imaging perfor-
mances of the AFM. The summarization is done to find the
achievable accuracy in term of the closed-loop bandwidth,
scanning speed, and scanning frequency to find out most
optimum scanning technique for AFM.

This paper is organized in the following way: Section II
describes the basics of AFM and its components. Differ-
ent operating mode and scanning method are described in
Section III and IV. The performance of open-loop and closed-
loop system is investigated in Scetion V and VI. The compar-
ative analysis of raster and non-raster scanning method and
future recommendation are evaluated in Section VII and VIII.
This paper is concluded in Section IX.

II. ATOMIC FORCE MICROSCOPE’S FEATURES
Atomic force microscope is the technology to scan the sur-
face of objects and magnify it to make it ease to analysis
and produce image based on inter-atomic force or van-der-
waals force. This technology was proposed by C.F.Quate,
Ch.Gerber andG.Binning in 1986 to overcome the limitations

of the STM [31]. It consists of a cantilever manufactured by
microfabrication technique around 1988 that makes it ease to
scan the surface of the sample. TheAFM technology becomes
largely reliable after inventing optical lever technique that
efficiently detects the deflection of cantilever [11]. A laser
light is used at the tip of the cantilever that transmits light
on the surface of the sample for scanning. The light reflected
from the surface is tracked by a photo detector that monitors
the deflection of the tip position and produces image based
on the tip deflection [11], [18].

At the early age, only contact mode was available [32].
This technique may damage the surface of the sample due
to the continuous interaction between the tip and the surface.
Tapping mode of the AFM, discovered in 1993, overcomes
the problem of contact mode and produces high resolution
image. But, the imaging rate at this stage was very slow
that could not scan the surface in a proper time frame [32].
In 1994, a high speed scanner was introduced to increase the
imaging rate that could scan the surface only x and z direction
due to lower bandwidth [32]. This technique was improved
in 2001 by using fast electronics and optical deflection detec-
tor with small cantilever that was responsible to increase the
imaging rate to 12.5 frame/s [20].

Force measurement, imaging, andmanipulation is the most
three important properties of AFMs. The AFM can measure
the force that is introduced between the probe of the tip
and the surface of the sample. This force can be used to anal-
ysis the mechanical properties of the object such as stiffness,
Young’s modulus etc. The force imposed by the sample on the
probe deflects the position of the tip which is used to make a
three-dimensional image [33]. Manipulation is the process to
change the properties and characteristics of samples by using
force between the probe of the cantilever and the surface. The
manipulation is controlled to achieve required shape for the
application of the cell simulation, atomic manipulation and
others [1], [34], [35]. Themost important features of the AFM
that makes it a widely used imaging tool are summarized as
follows:

(i) It can produce the image of the sample in three-
dimension such as x, y and z direction for better observation.

(ii) The resolution of the image is high enough as compared
to electron microscope or STM. The atomic resolution in x-y
plane becomes 0.1 to 1.0 nm while in the z direction it is
0.001 nm [1], [34].

(iii) Electron microscope can damage the surface of the
sample and the accuracy may be reduced due to different
artifacts. There is no artifacts in AFM that protects the surface
and provides high accuracy.

(iv) This technique can scan and produce image at con-
ditions such as air and liquid and does not need vacuum
environment or any surface preparation.

A. COMPONENTS OF AFM
The basic block diagram to operate AFM is shown in Fig. 2.
Atomic force microscope consists of several components
such as cantilever, tip/probe, laser source, deflection detector,
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FIGURE 2. Block diagram of atomic force microscope.

feedback loop, and piezoelectric scanner. The size and accu-
racy of these components is managed in a controlled way to
produce high resolution image of the surfaces. This section
describes the different components of AFM.

1) CANTILEVER
Cantilever is an important element of the AFM that acts
as a force sensor. It works like a spring for force mea-
surement. The shape and size of the cantilever depends on
the application. The spring constant (k) of the cantilever is
controlled between 0.01-100 nm to achieve small sensitivity
to force. The size of the cantilever is minimized for high
speed AFM [1], [15]. The cantilever vibrates at resonant
frequency (f ) that can be represented as

f =
0.56t
l2

√
E
12ρ

and the spring constant (k) can be given by

k =
wt3E
4l3

where t and w is the cantilever thickness and width, L is the
length of the cantilever, E is the Young’s modulus and ρ is
the density of the cantilever material. Silicon nitride (Si3N4)
is largely used for soft cantilever whose Young’s modulus
is 1.461011 N/m2 and ρ = 3, 087 kg/m3. To increase the
imaging rate of the AFM, the mass of the cantilever needs to

reduce by minimizing the dimension of the cantilever. Thus,
the resonant frequency increases [20]. The sensitivity of the
cantilever can be represented as:

1α

1r
=

3
2l

where 1α is the angle change of the cantilever end and 1r
is the change of end displacement of the cantilever. Thus,
with the decreasing of the cantilever size, the sensitivity
of the optical deflection increases. AFM with small can-
tilever and large ratio of f /k can be used as pulse and fre-
quency modulation AFM. When a cantilever is fabricated
with piezoelectric film, it becomes self-actuated and self-
sense its deflection [11], [20].

AFM is associated with different kinds of forces such as
van-der-waals, double layer, capillary, and adhesive force.
The operation of AFM is largely experienced van der waals
force. When the distance between the tip and surface is less
than r = 100 nm, they experiences van-der-waals force. With
the increase of the distance, the interaction force between the
tip and cantilever is reduced. At r> 100 nm, there is no force
applied on the cantilever as shown in Fig. 3(a). The attractive
interaction is produced if r < 100 nm and the cantilever is
bent as shown in Fig. 3(b). A very small value of r such
as r << 100 nm, bends the cantilever in reversed direction
as shown in Fig. 3(c) due to the overlapping of the atom
cloud [15].

2) DEFLECTION DETECTOR
The probe of the cantilever contains a laser source to inci-
dent laser beam onto the surface of the sample to detect the
deflection of the tip. This deflection is focused by using a lens
with high numerical aperture. This lens also collects the beam
reflected back from the surface at the same time. Polariza-
tion splitter and quarter wavelength plate is used to separate
and identify the incident and reflected beams. Optical beam
deflection detector is largely used to increase the imaging
rate of the AFM [11], [15]. The amplitude of the oscillation
of cantilever is measured by using different methods where
the peak and bottom voltage is captured. The frequency of
the deflection signal is calculated by using Fourier method
to detect the deflection amplitude of the cantilever. For better
performance, the bandwidth of the system must be two times
higher than the resonant frequency of the cantilever [11], [15].

FIGURE 3. Deflection of cantilever at (a) r = 100 nm, (b) r < 100 nm, and (c) r << 100 nm.
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FIGURE 4. (a) Structure of piezoelectric Tube Scanner and (b) Representation of axis
of the PTS.

FIGURE 5. Mode of operation (a) Contact mode, (b) Tapping mode, and (c) Non-contact mode.

3) SCANNING UNIT
The scanning unit is used to produce movement between
the tip and the surface of the sample as shown in Fig. 4.
Unwanted vibration may be produced in the operation of high
speed scanning that reduces the accuracy and reliability of
the system and damages the surface. This unwanted vibration
is reduced by using three method such as, (i) minimize the
impulsive force produced by high speed actuator, (ii) increase
the resonant frequency of the cantilever, and (iii) reduce the
quality factor [11], [15], [20].

Counterbalancing technique is used tominimize the impul-
sive force in case of high speed actuator [36]. One way to
reduce the impulsive force, z-piezoactuator is used which is
placed at the four corners of the surfaces. It can move to the
counter direction freely that reduces the unwanted mechan-
ical vibration. Thus, it reduces impulsive force produced in
the AFM.

A higher resonant frequency is produced byminimizing the
size of the cantilever and increasing the ratio of f /k . With the
decreasing of the size, the interferences between three axis
is increased that is minimized by using a ball-guide stage or
blade spring [37], [38].

The quality factor of the cantilever is reduced by using
Q-control which is a damping technique. The Q-control is
applied to the z-scanner to measure the displacement or
the output signal from the electric circuit. This technique
increases the bandwidth to almost 150 kHz and reduces the
quality factor to almost 0.5 [39].

4) CONTROL LOOP
To control the deflection of the cantilever, a closed-loop
feedback is used with AFM. A set point is addressed in the
feedback loop that reduces the error between the set point and
measured deflection and controls the position of the tip of the
cantilever. The deflection force between the tip and surface is
very important in case of biological science. An uncontrolled
force can damage the biological surface [36]. A dynamic PID
controller can resolve this problem which changes the set-
point automatically with the situation and properly controls
the deflection of the cantilever.

5) ELECTRONICS
AFM consists of computer and data-acquisition system to
control the data, produce and display the image. A z-driver
is essential to increase the current capacity, slew rate, and
bandwidth and reduce the noise and output resistant [20].

III. OPERATION MODES OF AFM
There are three operation modes of the AFM depending on
application such as (i) contact mode, (ii) tapping mode, and
(iii) non-contact mode. The distance and sensed force is
different in different mode.

A. CONTACT MODE
Contact mode of the AFM was introduced first and it is the
simplest mode of operation of the AFM is shown in Fig. 5(a).
The cantilever is controlled to make a contact between the
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tip and the surface of the sample. The distance between
the tip and the surface is less than a few Angstroms and
the operation takes place in the repulsive region is shown
in Fig. 6. The tip makes a permanent soft contact with the
surface. The force experienced by the tip is constant such
as 10−9 that can be determined by using Hooke’s law such
as F = −k1x [15], [40]. The constant deflection of the
cantilever is controlled by feedback loop which keeps that
deflection at a set-point continuously.

FIGURE 6. Force vs distance curve between tip and surface of the sample.

The spring constant of the cantilever should be kept low
for better imaging that can vary between 0.01 to several N/m.
This techniques is used to analysis the mechanical property
of object by proper modulation of the tip force with an
actuator. The capillary force acting on the tip can be reduced
by immersing both probe and sample in the liquid. Thus,
in liquid, the force is reduced and does not produce any
effect in the sample. The surface experienced the force by
the tip is the cantilever and capillary force that varies from
10−8 to 10−6 N.

There are two phases of operation of contact mode such as:
(i) constant force and (ii) constant height mode. In constant
force mode, the deflection of the cantilever is kept constant
by applying a constant force on the tip. When the cantilever
deflection and predefined deflection are different, the posi-
tioning unit is excited to change the height of the sample
with respect to the cantilever. This phase is good for imaging
rough surface with high resolution [38]. The constant force
may damage the soft sample by changing its local flexure.
The resolution may be reduced by the capillary force.

A constant height is always controlled in constant height
mode where the deflection of the cantilever is changed. High
scanning speed is the main advantage of the this method.
The limitation of this method is that the smoothness of the
surfacemust be high. In case of biological surface, the contact
mode technique is not reliable due to continuous contact. The
biological surface is very soft. If the shear and vertical forces
are not controlled properly, it can damage the biological
surface easily. Low resolution of the image is the another
drawback of this mode of operation [18].

B. TAPPING MODE
Fig. 5(b) represents the tapping mode operation of AFM that
overcomes the problems of contact mode. This technique
is suitable for soft biological organs. The resolution of the
image produced by tapping mode is quite high. The distance
between the tip and the surface is intermediate where the
cantilever operates at resonant frequency with fixed ampli-
tude. The sensed force by the probe of the cantilever remains
attractive region where this amplitude is quite small such as
1 nm.A large amplitude such as 100 nm takes the sensed force
to the repulsive region [38], [41].

A amplitude drop is measured during the interaction of
the tip and the surface which is controlled at a pre-set level.
It can eliminate the shearing force acting on the tip. Tapping
mode can be operated in both air and liquid medium [42].
In the air medium, tip is fabricated with a piezoelectric crystal
that makes the cantilever to oscillate at or below its resonant
frequency. The amplitude of this oscillation is almost 20 nm
to 100 nm. The tip touches the surface softly. Different kinds
of forces such as van der waals force, electronic force are
experienced by the cantilever when the tip touches the surface
of the sample. It can also operate in the liquid medium where
the interaction force on the tip is reduced. This operation is
largely suitable for biological surfaces [43].

This technique efficiently images the soft material with
out making any damage and provides linear operating range.
when the tip come contact to the sample, any change of the
oscillating cantilever amplitude hampers the proper determi-
nation of the forces exerted on the tip. The change of resonant
frequency is more sensitive which is the another limitation of
this mode [44].

C. NON-CONTACT MODE
Non-contact mode is the process where the tip is kept at a
constant distance from the sample is shown in Fig. 5(c). The
distance between the tip and sample in this case is almost
50-150 angstroms and the tip is experienced attractive van
der waals force that is weaker than the repulsive force [18].
The cantilever is fixed with a mechanical device that controls
the oscillation at or larger its resonant frequency that can be
represented as

ω =

√
k
m

where k is spring constant having value 10-100 N/m and m
is mass of the cantilever. The operation mode of non-contact
mode are two types such as (i) amplitude modulation where
the cantilever is excited by a external signal having constant
amplitude and phase, and (ii) frequency modulation where
the cantilever is oscillated at resonant frequency. The stiffer
cantilever of this mode increases the force sensitivity and
decreases bending of the cantilever [45]. The forces experi-
enced by the tip remain at the attractive region whose value is
quite low such as 10−12 N. Thus, the surface of the sample

115608 VOLUME 7, 2019



S. K. Das et al.: Improvement of Alternative Non-Raster Scanning Methods for High Speed AFM: A Review

FIGURE 7. (a) Triangular signal applied to fast axis, (b) Staircase signal applied to slow axis, and (c) Raster pattern.

is not damaged by this technique. Poor resolution of the
image may be occurred due to the large distance in this mode.
The distance can be reduced in ultra-high vacuum (UHV) to
increase the resolution of the image [38].

IV. SCANNING METHOD OF AFM
AFM is the technique to scan the surface of an object to analy-
sis. The imaging speed and rate of AFM is slow which makes
it time consuming. Thus, the quality of the image at high
scanning speed becomes low. Since the physical property of
biological surface is not constant, the speed of AFM needs
to be faster with high accuracy. The precise positioning of
piezoelectric tube scanner (PTS) in x, y, and z axes improves
the image quality of the AFM. It consists of two electrode
for longitudinal positioning, two electrode for lateral posi-
tioning and one electrode for vertical positioning. The speed
and accuracy of PTS largely depends on the cross-coupling
between its axes, nonlinearities of the materials, resonant
dynamic behavior of positioning system. Different scanning
method have been proposed to control these limitations and
improve the scanning speed of AFM.

A. RASTER SCANNING METHOD
Raster scanning method is largely used for commercial AFM
is presented in Fig. 7. Here, the movement of the sample
or the probe of the cantilever is controlled by piezoelectric
scanner tube in three-direction. In this scanning method tri-
angular waveform is applied at the x axis of the scanner
is shown in Fig. 7(a), is also known as fast axis. On the
other hand, a ramp or staircase waveform is applied along
the y axis which is the slow axis of the scanner is shown in
Fig. 7(b) [21], [22]. This technique increases the scanning
speed by using a triangular waveform of high frequency.

The rectangular area of the image using raster scanning
process can be represented as

K = L2

where, L is the length of the scanned image. In raster scan-
ning method, the number of pixel per lines in the image is

calculated as,

n =
L
p
+ 1

where p is the pitch length of the image. The trajectory
distance for raster scanning is

S = 2L × n

The resolution of the scanned image along x- and y-axis can
be represented by

R =
L
n

The scanning frequency and period of the raster are given by

Tras =
2(n− 1)
fsam

fras =
1
Tras

The total required time to scan an image is represented by

Ttotal =
n− 0.5
fras

where fsam is sampling frequency and fras is the scanning
frequency.

The main problem of using triangular waveform is that it
consists of all odd harmonics of the fundamental frequency
that hampers the accuracy of the image. The amplitude of
the harmonic signal is decreased by 1/n2, where n is the
number of harmonic. To increase the speed of the AFM, fast
triangular waveform is applied. But, it increases the mechan-
ical resonance of AFM and vibration of the scanner that
reduces the quality of the image. The scanner speed is kept
10-100 times lower i.e. 1% as compared to the first resonance
frequency of the scanner for better performance [22]. The
resonance frequency of AFM is normally used as 1 kHz.
So, the scanning speed of piezoelectric tube scanner is limited
to 10 Hz. A number of nonlinearities are also produced in
triangular waveform such as creep, hysteresis etc. that distort
the scanning image of the surface of the sample [24], [25].
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FIGURE 8. (a) Sinusoidal scanning method, (b) Rotational scanning method, and (c) Spiral scanning method.

B. SINUSOIDAL SCANNING METHOD
Sinusoidal scanning is an alternative method of the con-
ventional raster scanning is shown in Fig. 8(a) to scan the
sample with high scanning speed. It is an non-raster scanning
method based on sinusoidal trajectory. The harmonics due
to the triangular signal is minimized here because it uses a
sinusoidal trajectory along the x-axis and a ramp signal along
the y-axis [23], [46]. The y-axis is used to shift the sample
in steps or continuously. The trajectory of raster scanning
is specially square wave that is a summation of an infinite
number of sinusoidal wave having infinite frequencies that
are the responsible of mechanical vibration. On the other
side, the sinusoidal scanning consists of only one sine signal
with one frequency. As a result, the scanning rate can be
increased to the first resonance of the scanning tube. The
mathematical representation of sinusoidal scanning method
can be represented as [27], [47],

xsn(t) = Asin(ωt)

ysn(t) = vt

If ω = 2π fsn, where, fsn is the scanning frequency, then,

xsn(t) = Asin(2π fsnt)

ysn(t) = vt

where, A is the scanning amplitude and v is the scanning
speed. The maximum resolution of scanned image using
sinusoidal scanning can be represented as,

xres =
xsize − xsize/n

2
sin(

2π fsn
fsam

)

where, xsize is the image length along x-axis having pixel
number n and fsam is the sampling frequency. The sampling
frequency for fixed scanning frequency can be written as,

fsam = 2π fsn[arcsin(
2

n− 1
)]−1

The total scanning time to scan the sample using sinusoidal
scanning method can be represented as,

Ttotal = (
ysize
xres
− 0.5)Tsn

where, ysize is the size of the pixel along y-axis and Tsn is the
scanning period that can be written as,

Tsn =
1
fsn

Thus, the required scanning time is,

Ttotal =
n− 0.5
fsn

where, n = ysize
xres

is the number of pixel of the scanned image.
For a fixed scanning time, the scanning frequency of

sinusoidal scanning method is similar as the raster scanning
method.

C. ROTATIONAL SCANNING METHOD
Rotational scanning is another non-raster scanning approach
to achieve high scanning speed with large scanning
area [48]–[50]. The sudden change of the velocity of the
probe are responsible to produce mechanical vibration of the
scanner. This scanning method is efficiently able to reduce
these mechanical vibrations and increase the scanning area
as compared to the raster scanning method. The rotational
scanning pattern has the form of spiral or concentric circle
by a proper combination of linear and circular motion of the
probe. A series of circle are produced with increasing radius
from the center of rotation.

Fig. 8(b) represents the construction of rotational scanning
pattern having concentric circular shape that is represented
in polar coordinate system. The radial coordinate of the rota-
tional scanningmethod in the form of polar coordinate system
can be represented as,

r =
√
(xs + x0)2 + (ys + y0)2
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And the polar angle,

ϕ = atan2(
ys + y0
xs + x0

)

where, xs and ys are the position sensor data to detect the
position of the sample along the x- and y-axis and atan2 is
the arctangent function. It is essential to convert the coor-
dinate system from polar to Cartesian system to construct
the scanned image from rotational scanning method. The
Cartesian representation of this scanning method can be
represented as,

xrot = rcos(φ + φ0)

yrot = rsin(φ + φ0)

where φ0 and φ is the initial and final rotational angle. The
rotational angle φ can be represented as φ = 2π frot t , where
frot is the scanning frequency and t is the scanned time. Then,
the Cartesian coordinate with zero initial condition,

xrot = rcos(2π frot t)

yrot = rsin(2π frot t)

The resolution of the scanned image depends on the distance
between the adjacent samples 1l and the change of the
rotational angle between two adjacent samples 1φ that can
be represented as,

1l = 2rsin(
1φ

2
)

1φ = 2π frot1t

The scanning time required to scan the total rotational pattern
is given as,

Ttotal =
2πr
pω

where p is the pixel of the scanned image that can be repre-
sented by,

p =
2xsize
n− 1

where, n is the number of pixels on the scanned image and
xsize is the length of the image along x-axis. For a square
image,

r =
√
(xsize)2 + (ysize)2 =

√
2xsize

Then, the required scanning frequency for rotational scanning
can be represented as,

frot =
n− 1
√
2Ttotal

The rotational scanning method is responsible to achieve
high scanning speed and scanning area with increasing the
resolution of the scanned image. But, its scanning area is
limited by the travel range of the radial displacement actuator.

D. SPIRAL SCANNING METHOD
Spiral scanning, shown in Fig. 8(c), a non-raster scanning
method, is an advanced technique as compared to raster scan-
ning method of AFM. The limitations introduced in raster
scanning method are overcome in spiral scanning method.
In this method, the spiral signal is produced by using sine and
cosine wave that is also known as Archimedean spiral signal.
The distance between the interaction of two spiral curve with
a line that passes through the origin of the spiral is known as
pitch that is constant in this method. This allow the AFM to
scan an surface uniformly. The x and y axis of spiral scan-
ning uses sinusoidal signal having identical frequency that
makes the trajectory smooth.When the probe of the cantilever
moves, transient may occur which is removed in this scanning
process. Another advantage of this method is that it processes
scanning of the surfacewithout the requirement of specialized
hardware [24], [51].

Two types of pattern is used in spiral scanning method
depending the tracking process of the trajectory i.e. (i) con-
stant angular velocity (CAV) and (ii) constant linear velocity
(CLV) [24]. The formula of generating a CAV is represented
as

dr̄
dt
=
pω
2π

(1)

where, p is the pitch andω is the angular velocity of the spiral,
r is the instantaneous radius. The pitch p is given by

p =
2× spiral radius

number of curves− 1

Number of curve is equal to the number how much the spiral
curve cross the x axis where y = 0. Equation (1) can be
represented as ∫

dr̄ =
pω
2π

∫
dt

After solving this equation for r = 0 when t = 0,

r̄ =
pωt
2π

(2)

The time required to scan the surface of a sample can be
calculated by using the equation,∫ r̄2

r̄1
dr̄ =

pω
2π

∫ t2

t1
dt

where, r̄1 and r̄2 are the first and last spiral radius and t1 and t2
are the initial and final scanning time. If r̄1 = 0 when
t1 = 0 and tT = t2 − t1, then, the above equation can be
represented as

tT = Ttotal =
2π r̄2
pω

(3)

where r̄2 can be represented as

r̄2 =
√
Xsize2 + Ysize2
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FIGURE 9. (a) Cycloid scanning method and (b) Lissajous scanning method.

Equation (2) is represented as Cartesian coordinates so that
the piezoelectric tube scanner can track the spiral trajectory
in the following way,

xa = r̄cosθ

ya = r̄sinθ

where, xa and ya is the input of the piezoelectric tube scanner
along x and y axis and θ = ωt , is the angle. The phase errors
produced in the scanner signal can be removed by

Xa = r̄cos(θ + α)

Ya = r̄sin(θ + β)

The frequency response of closed-loop system is used to
determine the phase constants α and β. The amplitude vary-
ing of this sinusoidal signal is quite slow that able to track a
high frequency CAV signal which increases the velocity of
the AFM. When The velocity between the tip and the surface
of the sample is linear, this technique can not be applied due
to its variable linear velocity which is the main limitation of
CAV [24].

The limitation of CAV can be overcome by using CLV
where r̄ and ω is changed continuously to keep the linear
velocity constant [24]. The formation of spiral for CLV can
be represented as

dr̄
dt
=

pv̄
2π r̄

(4)

where, v̄ is the linear velocity of the spiral of CLV. The radius
r̄ can be calculated from (4) as,∫

r̄d r̄ =
pv̄
2π

∫
dt

After solving this equation for r = 0 when t = 0,

r̄ =

√
pv̄t
π

(5)

The angular velocity for the spiral can be represented as

ω =
v̄
r̄

Putting the value of ω in (5),

ω =

√
π v̄
pt

The scanning time of the surface of the sample for CLV can
be represented as

Ttotal =
π r̄22
pv̄

To track the spiral trajectory, Equation (5) is represented as
cartesian coordinates such as

xl = r̄cos

√
4π v̄t
p

yl = r̄sin

√
4π v̄t
p

The main advantages of spiral scanning is to increase
the imaging time and image quality by reducing mechanical
resonance. But, the distortion of the image increases with the
increasing of the frequency of the system which is the major
limitation of spiral mode. CLV technique is more demanding
as compared to CAV during the design of controller of AFM.
The main limitations of CAV is that its scanning frequency
is constant and linear velocity is not constant all time that
reduces the quality of the scanning image. These are over-
come by CLV that increases the scanning speed and provides
uniform resolution of the image. But, initially it is suffered
by high angular frequency [24], [25], [52].

E. CYCLOID SCANNING METHOD
Different technique have been applied to speed up the imag-
ing rate with high scanning area of the surface of the sample.
Fig. 9(a) represents cycloid method that is another non-
raster scanning method which increases the scanning speed
of AFM. This method overcomes the problems of raster
scanning and spiral scanning methods. The cyclic pattern is
produced using sine and cosine signal. The lateral axis is
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used to track the sine wave and the other axis tracks the
cosine wave. It is important to keep the frequency of both
signal equal with a slow ramp. The scanning technique can
produce high quality image at high scanning speed without
the need of any special tools or the damping mode of the
scanner [25]. The horizontal distance between the scan lines
are always fixed and the center of the scan area is scanned
twice. The pattern of the cycloid is increased during scanning
operation that makes it useful to the analysis of string and
the feature of the sample. This scanning technique scans only
the desired area of the sample instead of the whole area and
thus, it reduces the scan time [25], [53]. The trajectory of
the cycloid pattern can be produced using the lateral axes of
nanopositioner as follows,

xc = αt + r̄sinωt

yc = r̄cosωt

If the scanning frequency of AFM is fcy, then, ω = 2π fcy, and
the equation can be represented as

xc = αt + r̄sin 2π fcyt

yc = r̄cos2π fcyt

where, α is the rate of the ramp signal, r is the magnitude of
the input signal x. The pitch p of the cycloid pattern is fixed
that represents the largest pixel at constant frequency and can
be represented as

α =
pω
2π
=

p
T

where, T is the period of the sine wave. The distance between
the samples are kept fixed during uniform scanning that
produces an image having p × p pixels. The pixels can be
represented as

p =
4r̄

2n− 1

where, n is pixel number along the y axis. The x axis has 2n
lines. The total scanning time can be represented by

Ttotal =
n+ 1
fcy

The sampling point of the cycloid pattern is tracked to
produce AFM image where the pitch for both cycloid and
raster image is kept same. The vector length between the
cycloid and raster point can be given as

D =
√
(Ax − Bx)2 + (Ay − By)2

To improve the image quality of the surface, the vector length
should be less than p/2 such as

D <
p
2

and the sampling frequency fsm must be kept larger than the
scanning frequency fcy as below

fsm ≥ 4nfcy

The cycloid method provides high quality image as compared
to the raster, sinusoidal or spiral scanning method and it
does not excite the resonance of the piezoelectric scanner of
the AFM.

F. LISSAJOUS SCANNING METHOD
Lissajous is an another non-raster scanning method to
increase the imaging rate of AFM at high speed is shown
is Fig. 9(b). This scanning method tracks a purely sinu-
soidal signal having fixed amplitude but different phase and
frequency. The frequency spectrum of sinusoidal signal is
narrow. It is easy to track a sinusoidal signal for the nanoposi-
tioner whose bandwidth is limited as compared to triangular
of ramp signal [21], [54]. The scanning area is divided in
a number of small grids that increases the resolution of the
image. This technique is useful is the research application
of nano-material and biological surface [26]. The scanner
of AFM are forced to track the following signal to produce
lissajous pattern,

xL = Axcos(ωx)t

yL = Aycos(ωy)t

If ω = 2π fliss where, fliss is the scanning frequency, then the
equation can be arranged as

xL = Axcos(2π fx)t

yL = Aycos(2π fy)t

where, Ax and fx represent the amplitude and frequency of
sinusoidal signal of x-axis and Ay and fy represents the ampli-
tude and frequency of sinusoidal signal y-axis. The difference
between frequencies fx and fy is used to determine the shape
of the lissajous pattern. The phase difference between the
sinusoidal signal can be generated by producing a variety of
lissajous pattern [55]. The time period of lissajous pattern
can be calculated by using the difference of frequencies along
x and y axis as follows,

TL =
1

|fx − fy|

The lissajous pattern is converted from a line to a circle in first
quadrant and returned to its line shape in the next quadrant.
The frequency ratio along the x and y axis can be represented
as

fx
fy
=

2i
2i− 1

where, n is an integer. The value of 2i and 2i−1 are coprime,
then

fx = 2ifliss

and

fy = (2i− 1)fliss

where, f is the fundamental frequency of the pattern such as
f = fx − fy. The whole trajectory can be produce within the
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TABLE 1. Compression of scanning frequency for different scanning method.

time period tε[0, TL4 ]. The lissajous pattern cuts itself in many
point within a defined region. The time interval between two
crossing point can be represented by

Tin =
1

4i(2i− 1)f

The value of imust be kept large to increase the crossing point
as compared to the point touching the edge. The resolution of
lissajous pattern is defined as

Rliss =
πAxAy

i
√
Ax2Ax2

where i can be represented as

i =
πAxAy

Rliss
√
Ax2Ax2

=
nπ

2
√
2

The total imaging time of lissajous scanning can be
represented as

Ttotal =
i
fliss
=

nπ

2
√
2fliss

Lissajous scanning method is reliably applied where high
precision is required such as biological sample. This tech-
nique efficiently increases the scanning speed and accuracy
with resolution. Sometimes, the corner information is lost
which is the main limitation of this scanning technique.

The required scanning frequency for different scanning
method is listed in Table 1 for total scanning time 1s and
512 pixels-per-line. Table 1 represents that the lissajous scan-
ning method is 1.1% and cycloid scanning method is 1.003%
faster as compared to raster and sinusoidal scanning method.
On the other hand, spiral scanning method is 0.707% and
rotational scanning method is 0.66% slower as compared to
raster and sinusoidal method. Table 2 represents the compres-
sion of different scanning method.

V. OPEN-LOOP PERFORMANCE
High speed atomic force microscope is largely demanded
with high precession and resolution of the scanning image.
The open-loop response of AFM is free from any external
noise due to the absence of additional sensor and special
hardware. Digital signal processor, displacement sensor are

required to implement the dynamics of the piezoelectric tube
scanner. In case of open-loop, the dynamics of the scanner
must be accurate for better performance. With the change of
load, the resonance frequency of the scanner is changed that
changes the model dynamics of the scanner and hampers the
AFM performance. Thus, the scanning speed is limited to 1%
of the resonant frequency of the scanner. Again, the area can
not be scanned uniformly due to the presence of hysteresis
that provides inaccurate tracking of the reference signal and
produces wrong conclusion [69].

VI. CONTROLLER DESIGN
To eliminate the problems of open-loop technique, closed-
loop technique is implemented with AFM. The closed-loop
technique consists of sensors and controllers for precious
tracking of the reference signal. The error between the input
and output is sensed by the sensor and fed to the controller to
minimize this by applying proper control signal. It is impor-
tant to require a controller design to achieve high bandwidth,
phase and gainmargin, reduce the impacts of nonlinearity and
uncertainties and track the reference efficiently to increase the
scanning rate of AFM. Fig. 10 represents a list of proposed
controller for different scanning method.

A. CONTROL METHODS APPLIED FOR RASTER
SCANNING TECHNIQUE
The odd harmonics of the triangular wave reduces the reso-
lution of raster scanning. The harmonics excite the resonance
of the piezoelectric tube scanner and produce a distorted
signal at piezoelectric scanner that hampers the scanning
image with distorted surface topology. This distorted image
is responsible to make a wrong conclusion [2]. To control
and increase the efficiency of raster scanning several control
technique have been proposed is shown in Table 3.

A lag-lead controller for raster scanning has be pre-
sented [66]. It reduces the steady state error by controlling
the transient response of the system. The impact of the first
resonance of the scanner can not be eliminated by this control
technique that produces some attenuation of the signal.

To control the raster scanning, a feedback controller has
been proposed [29], [66], [83]–[85]. This control technique
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TABLE 2. Highlights of different scanning methods.

consists of inductive and optical sensors and custom-made
capacitive that ensures to reduction of the mechanical vibra-
tion and creep. The calibration is made automatically and data

lost is reduced in this control technique by using rectangular
scanning. PID, PI or integral controller are the feedback
controller having high feedback gain to reduce the scanner
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FIGURE 10. Proposed controllers for different scanning methods of atomic force microscope.

vibration [38], [56], [86]–[88]. The performance of this con-
trol technique is hampered due to the presence of hysteresis
and uncertainties. The gain margin and closed-loop band-
width of these controller is limited that requires an additional
notch filter.

To overcome the positioning error between the tip and
surface at high scanning speed and the unwanted modifica-
tion, a feedforward controller has been presented [29], [83].
The input shaping approach of this controller reduces the
vibration of the piezoelectric tube scanner and minimizes
the scan time by reducing the input energy. This control
approach provides a high closed-loop bandwidth at high
scanning speed. It overcomes the limitation of feedback con-
troller by controlling hysteresis using inverse compensation
technique. Sensitivity of the parameters, complexity of the
model and poor robustness at the presence of uncertainties
are the main limitations of this control approach. Iterative
learning controller (ILC) is a feedforward controller having
high bandwidth [73]. The design criteria of ILC is difficult as
the iteration number is very high to converge.

The limitation of feedforward control approach is over-
come by the integration of a feedback controller with feed-
forward controller. The modeling and tracking error can
not be reduced by only feedforward controller. A feedback
controller is integrated with it to reduce the error due to
the presence of uncertainties and improve the tracking per-
formance [29], [83], [89], [90]. The combination of both
controller ensures high closed-loop bandwidth and robustness
by shaping the reference signals.

H-infinite controller has been efficiently designed to speed
up the AFM [66], [70], [91], [92]. This control technique is
designed based on by minimizing the l2 gain of the input
that controls the output of the system. This controller largely
depends on the system order. Thus, an H-infinite controller
for high order system is difficult to design which requires
the knowledge of digital signal processing and hampers the
design of the unmodeled plant.

The integral force feedback (IFF) and optimal inte-
gral force feedback (OIFF) have been proposed to track
the reference signal and damp the first resonance of the
scanner [71], [79]. These controllers are limited to the closed-
loop pole placement. Positive velocity and position feed-
back (PVPF) control approach overcomes the limitation of
IFF and OIFF [93]. It improves the tracking error by rejecting
the unwanted noise and enhances the pole placement of the
system.

To damp the resonant frequency of the scanner, integral
resonant controller (IRC) has been proposed [72], [94]. It is a
first order control approach, applied to the scanner directly,
that are able to damp out multiple resonant modes. This
control approach is only responsible to control the vibration
of the scanner. The tracking error can not be controlled by
this controller. To increase the closed-loop bandwidth and
reduce the steady-state error to zero, an integral controller
is mounted with this controller in feedforward mode. The
integral action controls the phase margin and feedforward
approach increases the bandwidth of the system. A multi-
variable IRC controller has been proposed [95] with resonant
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TABLE 3. Highlights of different controller for raster scanning of AFM.

controller to compensate the mechanical vibration at resonant
frequency.

The resonant controller and positive position feed-
back (PPF) controller have been proposed having tracking
performance [74], [76], [87], [88]. They damp the resonant
mode of the piezoelectric scanner. These controllers are
designed based on negative imaginary (NI) approach. A sys-
tem G(s) is called NI if it follows the following condition
j[G(jω) − Ḡ(jω)] ≥ 0. For a NI system, the real part of the
eigenvalues of j[G(jω) − Ḡ(jω)] is always equal or greater
than to zero for all ωε(0,∞). Lower gain and phase margin is
the main limitation of PPF controller. The resonant controller,
on the other hand, adds unwanted frequency to the system.
To overcome these problems passive damping controller has
been designed based on the combination of mixed passivity,
NI and small gain approach. This control approach have high
gain and phase margin and damps the first resonant of the
scanner. This control approach may increase the noise of the
external sensor.

References [75] and [96] present a repetitive controller has
been proposed to control the Z-axis movement and speed of

the scanner by controlling bandwidth and the quality of the
image. This also controls the interaction force between the tip
and surface. It consists of a memory loop that generates the
repetitive input signals and matches the period of the signals
to reduce the steady-state error and track the reference signal.
To reduce the harmonics introduced in the signal, a filter is
mounted with this controller.

The optimal scan speed has been regulated by controlling
the quality factor of the cantilever of AFM. Active Q control
has been propose to regulate this Q factor [97]. The time delay
of the displacement of cantilever is measured by velocity
feedback that estimates the Q factor. The unmodeled dynam-
ics may introduce unwanted resonance of the scanner that
needs an extra resonant controller to damp these resonance.

Another damping technique to control the positioning of
tip and surface is linear-quadratic Gaussian (LQG) controller.
It reduces the unwanted vibrations of the scanner and controls
the interaction force. But, alone a LQG controller can not
minimize the vibration properly and exhibits poor robustness.
To overcome this problem a loop transfer recovery (LTR)
is combined with LQG controller [78]. This control loop
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TABLE 4. Highlights of different controller for sinusoidal scanning of AFM.

obtains the linear-quadratic regulator (LQR) properties by
using Kalman filter or feedback controller. The LQG/LTR
approach able to minimize the scanner vibration at high
frequency in the presence of hysteresis.

The effect of nonlinear behavior of piezoelectric tube
scanner is controlled by model-based LQG controller [77].
The presence of nonlinearity distorts the scan trajectory and
position tracking. The controller is designed with vibration
compensator to damp out the vibration and produce linear
motion between tip and sample.

To reduce the interaction force between the tip
and sample, optimal linear feedback controller (OLFC)
with state-dependent riccati equation (SDRC) has been
proposed [101], [102]. This control technique finds the linear
control application of a nonlinear system and increases the
stability of the system. It takes the system to a desirable
periodic orbit from a chaotic state. SDRC finds the optimal
solution of static equation and takes the system to periodic
state using feedback control.

Maximum LQG controller, a special form of LQG, effi-
ciently damps the resonant of the piezoelectric scanner [69].
This control algorithm has been designed by using H2 norm
which solves two riccati equations. This control approach
finds the optimal input by solving LQG performance index.
It provides robust performance against unmodeled dynamics
and uncertainties.

The design of velocity feedback controller, a passive damp-
ing controller, is used to damp of the high resonance of the
scanner [80], [103]. The system having transfer functionG(s)
is called passive if Re[G(jω)] ≥ 0 for all ω > (0,∞).
The bandpass nature of this controller provides high gain and
phase margin. The incorrect data of the actuator and sensor
are the main limitation to make a system not to be passive.

The uncontrolled bending cantilever may damage the sur-
face of the sample. A dynamic PID controller is presented
to control the feedback gain in order to control the bending
of the cantilever and the speed of the AFM [81], [104]. The
controller is designed based on Fourier transformation of
cantilever oscillation signals. The performance of this control
technique is limited due to the increase of temperature and
the presence of liquid that changes the oscillation efficiency
of the cantilever.

To damp the resonant of the piezoelectric scanner, increase
the bandwidth, Model predictive controller (MPC) has been
proposed [82]. A vibration compensator is integrated with
MPC to damp out the unwanted vibration of the scanner.
The estimated future trajectory is used to minimize the cost
function of MPC. This control approach efficiently tracks the

reference signal and increases the scanner speed. The effect
cross-coupling reduces the performance of this controller.

B. CONTROL METHODS APPLIED FOR SINUSOIDAL
SCANNING TECHNIQUE
In sinusoidal scanning, a sine wave is applied along the
x-axis instead of triangular signal to reduce the harmonics.
Still the scanning speed and resolution control is important
for high speed AFM. Sliding mode controller has been pro-
posed to enhance the speed and precision of AFM [47] is
described in Table 4. This controller has been designed based
on internal model principle with neural network. This control
algorithm is efficiently control the parameters uncertainties
and nonlinear effects.

C. CONTROL METHODS APPLIED FOR SPIRAL
SCANNING TECHNIQUE
Around 1976, the spiral scanning method is introduced to
overcome the problems of raster scanning and speed up the
scanning process of AFM in medical sector. The main limi-
tation of this method is that, the distribution of the sampling
points are difficult to uniform in 2D plane. Again, constant
linear velocity is another challenge of this method [2]. The
proposed controller is listed in Table 5.

To increase the speed of AFM, the trajectory of spiral path
has been modified [21], [105]. Archimedean spiral is one
having constant loop distance. It is suitable for both CAV and
CLV that uses almost all data of the sample to produce image.
The optimal spiral is made by combining the benefits of CAV
and CLV that regulates the angular frequency and velocity to
enhance high speed of AFM.

The design of H-infinite controller has been presented to
increase the speed and tracking capability of AFM [98]. The
controller is designed with sliding peak filter for better per-
formance to track the reference signal in the feedback loop.
To control the motion of both axis, two H-infinite controller
is applied in each axis. The feedback loop is mounted with
sliding peak filter that shifts the scanner frequency efficiently.
The combined control algorithm provides high bandwidth
and better performance as compared to single H-infinite
controller.

The Phase error between two sinusoidal signals along
x- and y-axis is controlled by model-based optimal LQG
controller. But, at same frequency the performance of this
control approach is limited with some phase error. A phase-
locked-loop controller has been proposed to minimize this
error and increase the scanning resolution of AFM [52].
This controller is designed based on PI controller. The phase
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TABLE 5. Highlights of different controller for spiral scanning of AFM.

TABLE 6. Highlights of different controller for cycloid scanning of AFM.

error measured by phase detector is controlled by PI control
approach. The resolution and scanning speed of this method
is high as compare to raster scanning.

The phase error between the input and output signal is
regulated by LQG controller [99]. This control approach is
designed with an integrator to eliminate the tracking error and
a reference signal model is incorporated in the system model.
The change of the frequency of the spiral is slower with time
that makes the scanner to track the signal efficiently and
increase the scanning rate. The robustness of this controller is
hampered by uncertainties and unwanted noise that requires
a butter-worth filter to filter the noise.

The design of a model-based linear quadratic Gaus-
sian (LQG) controller has been proposed to speed up the
scanning rate of AFM [2]. A slowly varying sine and cosine
signal are applied along x- and y-axis to uniformly cover
the scanning area. The resultant Archimedean spirals has low
frequency that properly tracks the reference signal and always
remains in steady-state. This controller is applied along
x- and y-axis to reduce the steady-state error and track the spi-
ral signal efficiently that increases the closed-loop bandwidth
of the system which is equal the first resonant frequency of
piezoelectric scanner.

An internal model controller (IMC) has been proposed
to reduce the tracking errors which is produced due to the
increase of sinusoidal frequency [55], [100]. This controller
is designed based on internal model principle that can be
applied for the spiral scanning with varying amplitude of the
reference signal that regulates the reference signal and uncer-
tainties within the feedback control loop. The nonlinearity
is reduced by applying an integrator and imaginary pole at
resonant frequency.

The Model predictive control approach has been proposed
to reduce the nonlinear behavior and increase the scanning

rate of AFM [111]. The controller is designed by integrating
a integral action and Kalman filter to reduce the steady-
state error. It can predict the future state of the system.
To increase the damping ratio, feedback controller has been
proposed [24]. The high damping ratio of this control algo-
rithm increases the closed-loop gain and bandwidth by reject-
ing the first resonance of the scanner. This control technique
consists of two loop. One loop consists of positive position
feedback controller that increase the damping ratio and the
other contains integral for better tracking of the reference.

D. CONTROL METHODS APPLIED FOR CYCLOID
SCANNING TECHNIQUE
The cycloid scanningmethod is applied for high scanning rate
and resolution of AFM. But, at same frequency and scanning
area, its scanning rate is lower as compared to spiral scanning.
This is due to the presence of an extra ramp signal along the
X-axis and the data points are overlapped [2].

Internal model controller has been proposed to improve
the scanning speed of AFM [25] is shown in Table 6. This
control approach is designed with an integral controller along
the X-axis to reject the disturbance of low frequency. This
control structure can efficiently track the reference signal.
The bandwidth does not effect the tracking performance of
this control approach. The tracking performance is affected
by the error along the X-axis.

E. CONTROL METHODS APPLIED FOR LISSAJOUS
SCANNING TECHNIQUE
The proposed controller to improve the performance of lis-
sajous scanning method is listed in Table 7. Internal model
controller (IMC) has been proposed to increase the scanning
speed of AFM [106]. The lateral axis of the scanner is forced
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TABLE 7. Highlights of different controller for lissajous scanning of AFM.

to track a purely sinusoidal signal having fixed frequency and
amplitude. The scanner is assumed as a parallel-kinematic
device whose frequency is high as compared to the resonance
frequency. IMC can efficiently tracks the ramp, sinusoidal,
and constant signal. This controller has high closed-loop
bandwidth and gain. To improve the tracking performance,
an external integrator is required. Re-configuration, expert
knowledge are required for this controller [106]. A Kalman
filter control approach has been proposed to overcome these
problems [110]. The controller is designed based on base-
band PI controller. This control structure does not require
re-configuration. An external vibration controller is required
to control the mechanical vibration.

The lissajous scanning method can scan a square area
where the spiral and cycloid method can scan round and
capsule-shaped area. References [107], [112], and [113] rep-
resent amodifiedmodel of lissajous scanning by using single-
tone andmulti-frequency signals to increase the scanning rate
of AFM. The tribo-electrification process of this method uses
silicon dioxide surface for analysis. This control method can
speed up the scanning rate without increasing the resonant
frequency of the scanner.

The design of dual tone wave controller has been proposed
for high speed AFM application [108] that reduces the peri-
odic error. The single tone controller regulates the shape of
the reference signal and the movement of the scanner. But,
at driving frequency unwanted motion between the tip and
sample hampers the performance of AFM and produces a
tracking error. Dual tone controller overcomes the problems
of single tone controller by minimizing the effects of the
disturbance of each axis. The controller is designed by min-
imizing H-norm and the parameters is tuned by H-infinite
control approach. The presence of uncertainties reduce the
efficiency of this control method.

Phase-locked-loop controller has been proposed to track
the periodic signal of AFM [109], [114]. The phase error
is minimized by regulating and synchronizing the frequency
and phase of the input and output signal. It consists of a
voltage controlled oscillator, low pass filter, and a phase
detector. The limitations of single and double tone controller

is overcome by this control approach. A precise model of the
system is not important in this case. The external disturbances
are not reduced by this control approach that required an
external feedforward controller.

VII. COMPARATIVE ANALYSIS BETWEEN RASTER AND
NON-RASTER SCANNING TECHNIQUE
Raster scanning method is the first scanning technique devel-
oped to scan the surface of the sample that is largely used
method for AFM. Although, in many applications such as,
image formatting, pattern recognition, computer graphics,
scanner, data compression etc., non-raster scanning can be
used [49], [58], [59], [62], [64], but raster scanning is largely
used method in these applications due to the ease construc-
tion of the raster pattern, ease to control, and implemen-
tation. As an earlier scanning method, a lot of work has
been done on raster scanning which makes it a largely used
scanning method. From the innovation of raster scanning,
different control algorithm has been developed to improve its
performance. But, now-a-days, different non-raster scanning
method such as sinusoidal, rotational, spiral, cycloid, and
lissajous methods are also largely used in the industrial appli-
cations which give better performance as compared to raster
scanning. Researchers are now give their concern to develop
different control algorithm to improve the performances such
as scanning speed, scanning time, scanning area, and res-
olution of non-raster scanning methods. These non-raster
scanning methods give satisfactory result that increases their
application in different industrial sector at present. A com-
pression between the contribution of this research work and
the existing research work is listed in Table 8.

Commercial AFM uses raster scanning method to produce
image of a matter whose scanning speed is limited to 1%
of the resonant frequency of AFM. The scanning unit with
1000 Hz resonance frequency is able to produce almost 10 Hz
scanning speed for raster scanning method. High mechanical
noise and vibration of the scanner limits the image qual-
ity of this method. The mechanical noise and vibration of
the scanner is overcome by using sinusoidal scanning, rota-
tional scanning, and spiral scanning that improve the image
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TABLE 8. Comparison of the contribution between this research work and existing survey paper.

quality, resolution and bandwidth. But, the scanning speed
of sinusoidal scanning is equal to the raster scanning. on the
other side, spiral and rotational scanning speed is limited to
0.707% and 0.66% as compared to raster scanning method.
The cycloid scanning method is 1.003% faster than raster
scanning method. But it’s performance is limited because
it lost corner information and scans the same area for two
times. The limitations of those scanning method are over-
come by lissajous scanning method that reduces the mechan-
ical noise, vibration and tracking error by not exciting the
scanner. The scanning speed of this method is 1.1% faster
as compared to raster scanning method that is largely used
for high speed AFM. The ability to construct multi-resolution
image and faster speed makes it optimum scanning method
for AFM.

VIII. FUTURE RECOMMENDATIONS
The AFM technology has become more demanding in the
application of nanotechnology to characterized the biological
surface, mechanical elements etc. To increase the scanning
speed of AFM, different control techniques have been pro-
posed. Different scanning methods overcome the problems of
raster scanning. High scanning speed, resolution, and image
quality largely depends on the modelling of the system, mea-
surement units, control systems etc.

Proper system modelling is essential to achieve desired
performance of a system. The performance of high speed
AFM is largely affected by the unmodelled dynamics. The
effects of different nonlinearities such as hysteresis, cross
coupling reduces the speed and quality of the imgae. Vertical
dynamics, cantilever beam dynamics, and interaction force
dynamics need to be accounted in the control technique to
overcome these problems. The position sensors add different
noise that reduces the scanning speed and resolution of AFM
whose model should be considered in the control system.
Scanning speed can be increased to decrease the cantilever
size. Multiple cantilever can be used at the same time to
increase the speed of AFM.

The control technique need to be improved to increase the
bandwidth of the system. Different control techniques are
interested to control the lateral axis while the vertical axis
is controlled by built-in proportional-integral controller that
results low bandwidth of AFM. Z-axis controller should be
designed to achieve high bandwidth and scanning speed. Two
controller can be implemented at the same time whose one
controller reduces the nonlinear effect, vibration and the other
tracks the signal at high speed.

Control technique should be improved to increase the ini-
tial speed of spiral scanning method. The scanning area and
speed may be improved by designing different controller for
rotational scanning method along the z-axis which will be
the future scope for the researchers. Again, cycloid scanning
method scans the sample twice that can be overcome. The
construction of lissajous pattern is quite complex and largely
effected by nonlinearities. A new research area will be intro-
duced to overcome these limitations. The measurement units
of AFM such as different sensor should be controlled properly
to increase the image quality and bandwidth.

IX. CONCLUSION
This paper presents the summary of the non-raster scanning
methods applied to the AFM for fast image scanning at
high scanning speeds. Commercial AFM usually uses raster
scanning method to investigate the sample of the surface due
to ease construction of the raster pattern, ease to control the
scanning process, ease to collect the information from the
sample, and low operating cost. But the scanning speed of
raster scanning is limited to 1% of the resonant frequency
of the scanner. A relationship between the scanning speed,
scanning time, scanning area, and pixels is investigated in this
paper that provides a clear view of the performance of each
scanning method. Different control techniques have been
summarized in this paper to overcome the problems of raster
and non-raster scanning method to increase its imaging rate.
Although, the raster scanning is easy to control, but the non-
raster scanning methods are able to construct image having
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high resolution with high scanning speed. The closed-loop
bandwidth and scanning area of non-raster scanning method
is high enough as compared to the raster scanning method.
A compression between non-raster scanning method such as
sinusoidal, rotational, spiral, cycloid, and lissajous and raster
scanning method has been listed in Table 1 and 2 to find most
optimum scanning method for AFM. Table 1 and 2 ensure
that lissajous scanning method provides high scanning speed
and high quality of images. Lissajous scanning method is
1.1% faster as compared to raster scanning method and able
to construct multi-resolution image without the effect of the
resonant of the scanning unit that makes it optimum scanning
technique as compared to other scanning technique.
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