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Abstract—For nearly all atomic force microscopies (AFMs)
utilized now, only the signals in trace scanning process are
employed to reconstruct the sample surface topography, while the
data of retrace scanning process is just used for adjustment. In
this paper, a novel trace and retrace scanning combined (TRSC)
topography reconstruction strategy, which successfully utilizes
data from both trace and retrace processes, is proposed for
AFMs to increase surface reconstruction accuracy. Specifically,
two reconstructed topography images are obtained, one is for
trace scanning and the other is for retrace scanning; the hysteresis
distortion is successfully compensated with a data fusion based
post-processing method; the alignment for trace and retrace
images is further guaranteed with a feature point based strategy;
then the two images are combined together with confidence levels
to reconstruct the final accurate topography image. Compared
with conventional scanning method, the proposed TRSC imaging
algorithm provides much more accurate image for the sample
surface, and it is especially valid for high-speed scanning tasks.
Some simulation and experimental results are included to demon-
strate the superior performance of the proposed imaging method.

Index Terms—Atomic Force Microscopy (AFM), Combined
Imaging Method, Hysteresis Compensation, Fast Scanning.

I. INTRODUCTION

S INCE its invention, atomic force microscopy (AFM) [1]
has brought a great revolution in the domain of nano-

science and nano-technology [2], [3]. Attributed to its out-
standing advantages such as high resolution [4] and great
convenience for sample preparation, AFM has been widely
used in life science, material engineering [5], etc.

For AFM systems, the main bottleneck for further appli-
cation is the comparatively low scanning speed, as it usually
takes several minutes to yield a high-quality image. Yet, to
supervise some chemical or biological processes on-line, much
higher speed is required without sacrificing imaging resolution.
After analyzing the properties of an AFM system, it is known
that the scanning speed is mainly limited by the dynamic
characteristics of Z-axis sub-system. That is, to obtain a trusty
image for a sample, the tip of an AFM scans through the
sample surface and it needs to stay long enough at each
point to collect steady-state data for topography construction.
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Based on this observation, some researchers have taken various
efforts to shorten the response time of an AFM to implement
higher speed scanning tasks, which can be mainly classified
into two categories of high-performance hardware adoption,
and more advanced control/imaging algorithms development.

So far, many results have been reported on designing some
elaborate scanner structures [6], [7], [8], [9], or utilizing
a piezo-scanner with high resonant frequency to enhance
the bandwidth of the vertical sub-system. For example, in
[10], a dual actuated Z-axes sub-system is proposed to sig-
nificantly increase the closed-loop bandwidth by combining
a long-range, low-bandwidth actuator with a short-range,
high-bandwidth actuator. A flexure-based nanopositioner with
parallel-kinematic configurations is well designed in [11],
which has high resonant frequencies along all X-, Y-, Z-axes.
In [12], a fast Z-scanner consisting of a piezoelectric stack
actuator and a diaphragm flexure is presented to implement
fast scanning. It is straightforward to see that the work on
the hardware improvement presents some unavoidable draw-
backs, such as additional cost, inconvenient combination with
the existing software, etc., which then prevents the further
applications on AFMs. Compared with the work on hardware
reform, more efforts have been put on designing advanced
control/imaging strategies to enable an AFM to scan sam-
ples with sufficiently high speed. An output feedback robust
adaptive controller is designed for Z-axis tracking control in
[13] with the consideration of output saturation problem for
tapping mode; and an observer-based MPC-notch controller is
proposed in [14] to implement fast scanning by improving the
damping of the resonant mode of the AFM piezoelectric tube;
in [15], a practical dynamic imaging method with the consid-
eration for the dynamic characteristics of piezo-scanner is well
designed, and some other advanced control/imaging methods
are presented in [16], [17], [18], [19], [20]. Unfortunately,
most of the proposed advanced strategies are too complicated
to be implemented in real AFM apparatus; besides, although
some of the proposed methods illustrate good performance
on specific aspects, it is hard to combine different methods
together to get further improvements.

When an AFM is employed to scan a sample, the tip usually
follows some pre-set raster fashion trajectories to obtain data
to image the sample. Unfortunately, for currently prevailing
methods, only the date obtained from the trace trajectory is u-
tilized to construct the surface topography of the sample, while
the data from retrace process is just utilized for adjustment. It
is not difficult to see that the retrace process also provides use-

www.sp
m.co

m.cn



1536-125X (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TNANO.2015.2494019, IEEE Transactions on Nanotechnology

2

ful information for surface construction. Specifically, for the
scanning points where the retrace scanning process achieves
better control effect than trace process, more accurate topogra-
phy image can be constructed from retrace process data. Based
on this idea, a novel Trace and Retrace Scanning Combined
(TRSC) bilateral topography reconstruction strategy, which
fully utilizes data from both trace and retrace processes, is
designed for AFMs to enhance imaging performance. The
proposed TRSC bilateral strategy includes three main steps of
hysteresis compensation, trace and retrace images alignment,
and bilateral combination imaging. Compared with currently
existing methods, the proposed method presents the following
advantages: i. it involves no hardware replacement; ii. it pro-
vides more accurate topography reconstruction, especially for
sufficiently high scanning tasks; iii. it can be easily combined
with other hardware/software imaging methods, and can be
conveniently adopted in existing AFM systems.

The remainder of this paper is organized as follows. In
Section II, the basic idea and general scheme for this novel
imaging method is stated. Subsequently, the TRSC topography
reconstruction strategy is introduced in detail in Section III.
Followed are some simulation and experimental results in
Section IV to demonstrate the performance of the imaging
method. Section V provides the conclusion of the paper.

II. BASIC IDEA AND GENERAL SCHEME

For most commonly used AFM systems, the scanner is
controlled to track a raster fashion trajectory along the sample
surface (in the X-axis), while the sub-system in Z-axis is
controlled to keep the separation between the surface and the
micro-cantilever tip constant and the control signal/error is
employed to extract topography information for the sample.
To ensure satisfactory imaging performance, it is required
that the system reach steady-state for each scanning point.
When scanning at low speed, it is not difficult to meet this
requirement and the trace scanning signal (in Z-axis) can
be utilized to construct a reliable image for the sample,
provided that the signal is not contaminated by measurement
noise. However, for fast scanning tasks, this practice cannot
provide satisfactory result because of the following reasons:
on one hand, as the tip stays in each scanning point shortly,
it cannot be stabilized for the steep points due to the inherent
dynamic property of the scanner, hence, only transient sig-
nals, instead of steady-state ones, can be obtained and then
utilized to calculate the undulation of those points. On the
other hand, when the scanning speed is sufficiently high, the
measurement is apt to be contaminated by various noise. To
attack these problems, the so-called TRSC bilateral topography
reconstruction strategy, which not only employs trace scanning
signals to calculate the sample surface topography, but also
utilizes retrace signals as remedial measurement, is designed
to enhance imaging performance.

To better describe the TRSC bilateral imaging strategy, we
utilize the following example of scanning a calibration grating
to illustrate the general idea of the strategy. When the trace and
retrace scanning results are well consistent with each other, the
illustrative sketch of one-line results for the calibration grating

is presented in Fig. 1, where Fig. 1 (a) and (b) respectively
show the topography and the control error for trace scanning
process, while Fig. 1 (c) and (d) plot the results for retrace
scanning. As can be seen from the figure, in segment AB, the
control error for trace scanning process is much larger than
that of the retrace scanning process. Then, in this segment,
the calculated result from retrace scanning is much more
reliable than that from trace scanning. Similarly, it can be seen
from the figure that trace scanning provides better topography
construction result for segment CD.

Fig. 1. One-line scanning sketch graph: (a) trace scanning topography,
(b) trace scanning control error, (c) retrace scanning topography, (d) retrace
scanning control error. For segment AB, retrace topography performs better
than the trace one, while the trace topography shows better for segment CD.

Based on the previous description, we know that if utilizing
data from both trace and retrace processes, along with the
corresponding control error, more accurate topography image
can be obtained for the scanned sample. Therefore, we propose
the TRSC bilateral strategy, which consists of the following
three steps of distortion compensation, alignment and bilateral
imaging to construct a satisfactory image for the sample.
Specifically, the first step aims to compensate the distortion
caused by the nonlinear characteristics of the scanner, in-
cluding hysteresis, creep, vibration, etc., with hysteresis being
the most important one, so as to make the trace and retrace
scanning images be consistent with each other. Based on the
results of the first step, the second step tries to align the
bilateral images by extracting features from both images and
then employ some nonlinear technique to further remove the
influence of the unaddressed nonlinearities such as creep and
vibration. Subsequently, the third step fuses the data from both
directions to construct a reliable image for the sample surface.

AFM imaging process can be divided into two parts: Z-axis
tracking subprocess and topography reconstruction subprocess.
This paper mainly deals with the second subprocess of how
to utilize the obtained tracking data (e.g., control voltages,
control errors) to reconstruct the topography. It is rational to
find out that the proposed TRSC imaging method can be con-
veniently combined with some advanced tracking strategies,
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such as [21], [22], to further increase its performance.

III. TRSC TOPOGRAPHY RECONSTRUCTION STRATEGY
DESIGN

A. Data Fusion Based Hysteresis Compensation

Hysteresis compensation is one of the research hot top-
ics for piezo-scanner. Current control-based methods can be
classified as feedback control [23], [24], [25], [26], [27] and
feedforward control [28], [29], [30]. These methods provide
effective compensation for the hysteresis distortion; however,
due to the limitation of control bandwidth in feedback loop
and the inaccuracy of the reverse model of piezo-scanner,
these methods cannot achieve satisfactory performance for fast
scanning tasks. In the TRSC bilateral imaging strategy, to ob-
tain accurate topography images free of hysteresis distortion,
a data fusion based post-processing method is proposed for
hysteresis compensation, wherein the hysteresis characters are
measured in advance, and the topography height values are
then calculated from the original distorted topography image.
For the sake of brevity, the case of X direction is selected as
an illustrative example to describe the hysteresis compensation
strategy, yet the discussion is also valid for the other directions.

Usually the control signal for the piezo-scanner is chosen as
triangular waves. If the Hysteresis is perfectly compensated,
the points, denoted as the expected points in Fig. 2(a), will
distribute evenly along a line, based on which a trusty image
can then be reconstructed for a sample. Otherwise, the tracking
points will be unevenly distributed, as shown in Fig. 2(b) for
trace scanning and Fig. 2(c) for retrace scanning, which then
brings inaccuracy for the reconstructed images. Therefore, we
need to set up the relationship between the expected points
and the real tracking points to effectively compensate the
hysteresis.

To implement the compensation, the hysteresis character-
s (hysteresis circles) are measured in advance with high-
bandwidth position sensors in several considered frequencies
such as 5Hz, 10Hz, 20Hz, 50Hz, etc. The noise of sensor
is addressed by averaging for large repeated measurements.
Then the maximum displacement of piezo-scanner in X-axis,
denoted as smax, is equally divided into N parts, with N being
the resolution for the reconstructed topography image. The N
expected points are noted as s1, s2, ..., sq, ..., sN , as shown
in Fig. 2. For the point sq , we can find the nearby trace tracking
points ttpk, ttpk+1, etc., where ttpk stands for the k-th trace
tracking point. In the same way, the retrace tracking points
near sq can be obtained. As the situations are similar, only
the compensation for trace scanning topography is described
here.

The topography height value for the trace tracking points
can be calculated by some specific imaging algorithms [15],
[19]. Then the topography height for the expected point sq ,
denoted as hq , can be calculated as:

hq =
∑
i∈Ω1

αihi (1)

where Ω1 is the neighboring point set consisting of trace
tracking points near sq , hi is the height signal for the i-th

Fig. 2. Expected points in one line for topography reconstruction, and the
corresponding tracking points in trace scanning and retrace scanning.

trace tracking point in Ω1, and αi is the weight coefficient
satisfying:

∑
i∈Ω1

αi = 1 (2)

Now the task is to determine the neighboring point set Ω1

and the weight coefficient αi.
For the studied AFM system, the neighboring point set Ω1 is

chosen as several points near sq on the same line. Specifically,
for the experimental results presented subsequently, if sq is
between two trace tracking points ttpk and ttpk+1, these points
ttpk and ttpk+1 are chosen as Ω1; if sq is exactly located on
one trace tracking point ttpk, then ttpk−1, ttpk, and ttpk+1

are chosen as Ω1.
The weight coefficient αi, corresponding to the trace track-

ing point ttpi, is a synthesis of its control error ei in Z-axis,
and the distance between the point ttpi and the expected sq ,
which is explicitly defined as:

αi =
λiβi∑

j∈Ω1

λjβj
(3)

where λi is the confidence level value for the topography
height of ttpi, and βj is the forgetting factor, which are
respectively defined as:

λi = exp

(
− |ei|
3σ

)
(4)

with σ being the standard deviation of all the control errors
in Z-axis, and

βj =
1

θ1 +
(

dis(ttpj ,sq)
∆s

)2 (5)

with ∆s standing for the distance between two adjacent
expected points such as sq and sq−1, dis(ttpj , sq) being the
distance between the point ttpj and sq , and θ1 representing
a small positive constant introduced to avoid singularity,
specifically chosen as 0.1 in the subsequent experiments.
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Therefore, a compensated topography image can be ob-
tained from Equation (1). With high bandwidth and high ac-
curacy position sensors, the hysteresis characters of the piezo-
scanner can be well measured, based on which the hysteresis
distortion can be effectively compensated by utilizing (1).

With the aforementioned compensation method, two new
topography images can be obtained, one for trace scanning
and the other for retrace scanning. Preparing for the following
steps, the newly control error images are calculated as:

eq =
∑
i∈Ω1

αiei (6)

where eq is the Z-axis control error at point sq . This equation
is similar with Equation (1).

After the compensation, the trace and retrace topography
images are roughly consistent with each other.

Remark 1: Control-based hysteresis compensation is to
utilize the control signal to make the piezo-scanner go along
a straight line, which is usually based on a very complex
dynamic model for the piezo-scanner. Comparatively, the
proposed data fusion based compensation method actually
utilizes hysteresis distorted images to calculate the expected
points, so as to reconstruct a more reliable image, which
requires no dynamic model and can be implemented without
much difficulty.

Remark 2: To implement the proposed hysteresis com-
pensation strategy, one high-quality capacitive displacement
sensor is utilized to initially calibrate the hysteresis circle
(horizontal positions) in several considered frequencies (e.g.
1Hz, 10Hz, 50Hz, etc.) and overall displacements (e.g. 1µm,
10µm, 20µm, etc.). With the position calibration sets, the
neighboring point sets with respect to each expected point can
be conveniently obtained.

B. Feature Point Based Alignment
To further align the trace and retrace topography/error

images, a feature point based alignment algorithm is pro-
posed here. Specifically, some feature point candidates from
trace/retrace images are extracted first, based on which some
feature point-pairs can be then obtained, which are subsequent-
ly utilized to align the retrace images with the trace ones.

1) Definition and Extraction for Feature Point Candidates:
In the scanning area, the topography may fluctuate sharply
at some points; therefore, the error images will show great
deviations at these points. After some analysis, feature-point
candidates are chosen as those points where the error is
beginning to increase sharply, since this feature appears in
both trace and retrace error images and these points are usually
consistent in the two images.

Specifically, feature point candidates sets are defined as the
following sets, denoted as Ωt and Ωr for trace and retrace
images respectively:

Ωt :=

{
(i, j) |∃k1 > j, Et (i, k1) > ub
and ∀k2, j < k2 < k1, Et (i, k2) > lb

}
(7)

Ωr :=

{
(i, j) |∃k1 < j, Er (i, k1) > ub
and ∀k2, k1 < k2 < j, Er (i, k2) > lb

}
(8)

where ub and lb are two threshold values. Et (i, j) is the
control error in trace scanning image at point (i, j); similarly,
Er (i, j) is the error of retrace scanning.

Equation (7) shows that, the point (i, j) in trace scanning
image is selected as a feature point candidate only if it satisfies
the following two conditions:

i. There is one point (i, k1) right to (i, j) on the same row,
whose control error is larger than ub.

ii. From point (i, k1) to the left, (i, j) is the first point whose
control error is lower than lb.

Equation (8) applies the same requirements.
To better show the clarification, the experimental results of

one-line first-step compensated error curves are ploted in Fig.
3, where the red dashed line is for trace scanning, and the blue
solid line is for retrace scanning, while the bold black points
are the extracted feature point candidates from Equation (7)
and Equation (8). Good pair characteristics can be clearly seen
from Fig. 3, which plays the pivotal role for the subsequent
alignment.

Fig. 3. Feature-point candidates extraction. The feature-point candidates are
chosen as the points where the error is beginning to increase sharply.

2) Definition and Extraction for Feature Point-Pairs: The
feature point-pairs are defined as a set consisting of the points
from Ωt and Ωr, which are sufficiently close to each other:

Ωfpp :=

{
(m,n) |∃r, (r,m) ∈ Ωt, and (r, n) ∈ Ωr,
and |m− n| < w

}
(9)

where w is the predicted threshold value, empirically chosen
as a small positive integer, it can effectively deal with the
induced noise.

The definition implies that, in one line, if two feature point
candidates, one from trace scanning and the other from retrace
scanning, are sufficiently close to each other, they will be
regarded as a feature point-pair.
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3) Images Alignment: Draw all the feature point-pairs on
a plane, a least square polynomial curve is then fitted to
present the transform between the trace and retrace scanning
images. Based on this relationship, a retrace image can then be
conveniently mapped, so that it can be well aligned with the
corresponding trace image. Notice that, during the mapping
process, only the retrace images have been mapped, while the
trace ones are kept invariant.

By now, the trace and retrace topography/error images are
well consistent with each other, which provides the foundation
for the subsequent combination imaging.

C. The Combination Strategy

After the alignment operation, the topography and control
error images for trace scanning are denoted as It and Et

respectively. For retrace scanning, the images are represented
as Ir and Er. The final calculated topography image is
recorded as Ifinal. The notation It (i, j) stands for the value at
the point (i, j) in image It, the notations of Ir (i, j), Et (i, j),
Er (i, j), and Ifinal (i, j) have similar implication.

To deal with measurement noise, when calculating the value
Ifinal (i, j), the points around (i, j) in It and Ir are utilized
to yield more reliable results:

Ifinal (i, j) =
∑

(p,q)∈Ω2

It (p, q) γt (p, q)+∑
(p,q)∈Ω2

Ir (p, q) γr (p, q)
(10)

where Ω2 is the neighboring point set around point (i, j),
γt (p, q) is the yet-to-determine weight coefficient at point
(p, q) for trace scanning and γr (p, q) is similarly defined for
retrace scanning. The weight coefficients satisfy the following
constraint:

∑
(p,q)∈Ω2

γt (p, q) +
∑

(p,q)∈Ω2

γr (p, q) = 1 (11)

To calculate the weight coefficients, we first define the
confidence level values for the point (i, j) in the topography
images It and Ir, respectively denoted as ηt (i, j) and ηr (i, j),
in the following manner:

ηt (i, j) = exp

(
− |Et (i, j)|

3σt

)
(12)

ηr (i, j) = exp

(
− |Er (i, j)|

3σr

)
(13)

where σt, σr are the standard deviations of the Z-axis control
errors in Et and Er respectively. Based on the confidence level
values, the weight coefficients γt (p, q) and γr (p, q) defined
in (10) can be then calculated as

γt(p, q) =
ηt(p, q)ξ(p, q)∑

(p′,q′)∈Ω2
ηt(p′, q′)ξ(p′, q′)

(14)

γr(p, q) =
ηr(p, q)ξ(p, q)∑

(p′,q′)∈Ω2
ηr(p′, q′)ξ(p′, q′)

(15)

where ξ (p, q) is the following forgetting factor:

ξ (p, q) =
1

θ2 + (p− i)
2
+ (q − j)

2 (16)

with θ2 being a small positive constant introduced to avoid
singularity.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulations

To verify the validity of the proposed trace and retrace
scanning combined topography reconstruction strategy, some
simulation tests are first taken in a virtual AFM system [31].
Specifically, the contact mode is chosen to implement the
simulation tests, which mainly demonstrate the effect of the
combination step. Please note that the full TRSC topography
reconstruction strategy, including the hysteresis compensation
and alignment steps, will be tested in the subsequent experi-
ments.

The model and parameters of a practical AFM system are
adopted to implement the illustrative study. That is, a 3rd order
model is utilized to describe the Z-axis dynamics of the piezo-
scanner:

G (s) =
6.283× 104s2 + 1.935× 107s+ 1.168× 1013

s3 + 6.306× 104s2 + 1.837× 108s+ 1.1063× 1013

(17)

and the voltage amplifier and position sensor detector sensi-
tivity are chosen as 16 and 9.7 × 10−9nm/V [15]. For the
other parameters, please refer to [31].

Calibration grating is one of the most commonly used
testing samples because of its tough surface topography. For
the simulation, square samples with height of 12nm, duty ratio
of 50% are utilized as the virtual samples, and the obtained
results are shown in Fig. 4, with Fig. 4(a) and Fig. 4(b)
exhibiting the results under the scanning frequency of 10Hz
and 50Hz, respectively.

It can be seen from Fig. 4 that the proposed TRSC
combination imaging method provides much better
performance than either trace or retrace scanning method. In
fact, as shown from Fig. 4(b), when the scanning frequency
is set sufficiently high as 50Hz, either the obtained trace or
retrace topograph deviates badly from the square form, while
the TRSC method still yields a trusty image for the virtual
sample. In Fig. 4(b), a little distortion, called as sunken
phenomenon, appears in the resulting curve of the TRSC
method. This drawback is caused by the control performance
degradation for both trace and retrace scanning processes.
Similar distortion appears in the subsequent experimental
results of Fig. 6(b). Please note that the sunken phenomenon
can be mitigated by employing more advanced control
methods to improve control performance.
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(a)

(b)

Fig. 4. Calibration grating scanning simulation results: (a) 10Hz scanning
results; (b) 50Hz scanning results.

Remark 3: Simulation tests are also taken for general
asymmetric samples, with the collected results showing the
good performance of the proposed TRSC imaging method,
either for slow or fast scanning tasks. Yet, these results are
not included into the manuscript due to the space limitation.

B. Experimental results

To further demonstrate the performance of the proposed
TRSC topography reconstruction strategy, some experiments
are conducted on an AFM system. This system is composed
of four parts: a commercial AFM apparatus (CSPM 4000,
Being-Nano Inc., P.R. China), high-performance cantilevers
(CSC21/Cr-Au, µMasch Inc., USA), a self-developed RT-
Linux based real-time control platform [32], and an addi-
tional high-quality capacitive displacement sensor (ADE Mi-
croSence 8810). The control period for this system is set

as 50µs, equivalent to a wide control bandwidth of 20Khz.
Proportional-integral (PI) control strategy is utilized for Z-axis
feedback control. The capacitive displacement sensor has a
high bandwidth of 10Khz and an accuracy of 0.01nm, which
is capable to obtain the hysteresis characters even in fast
scanning speed as 50Hz line frequency. The scanning sample is
a calibration grating (µMasch Inc., USA) with nominal height
of 84nm±1.5nm and period of 3µm. The experiments are
implemented in contact mode.

(a)

(b)

Fig. 5. One-line topography experimental results: (a) 10Hz (b) 50Hz; in
both subfigure: (1’) and (3’) present the trace scanning topography before and
after the two steps, hysteresis compensation and alignment, respectively, (2’)
and (4’) present retrace scanning topography before and after the two steps
respectively. The segments A, B stand for the same part in either subfigure.

Firstly, the results for the first two steps of hysteresis
compensation and alignment will be shown. The sample is
scanned at the speed of 10Hz, and 50Hz line frequency,
respectively, with the scanning scope set as 10µm × 10µm,
and the image resolution as 400 × 400 pixels. The one-line
topography results are shown in Fig. 5.

In Fig. 5(a), the segments A in four subplots show the same
part on the sample, however, in (1’) and (2’), before the two
steps, segment A is obviously not consistent with each other.
Meanwhile, in (3’) and (4’), the segment A is well aligned
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(a)

(b)

Fig. 6. Calibration grating scanning results comparison between the TRSC
topography and the trace scanning topography:(a) 10Hz, (b) 50Hz.

after the designed alignment step. The same situation appears
in Fig. 5(b) with segment B. Therefore, after the two steps,
the trace topography line is satisfactorily consistent with the
retraced line, implying a good foundation for the combination
step.

Fig. 6 shows the final one-line results of the proposed TRSC
method. The scanning speed is also 10Hz, and 50Hz line
frequency, respectively. From the one-line topography, we can
see that, at the up-edges and down-edges of the grating, the
combined topography line is obviously consistent with the
actual calibration grating, much better than the result from the
conventional trace method, especially for fast scanning speed
shown in Fig. 6(b). In fact, As can be seen from Fig. 6(b),
because of the high scanning speed of 50Hz, the original trace
and retrace scan lines are both distorted seriously; therefore
the combined line shows some distortion as in the midst
of the grating steps, which is similar as the result of Fig.
4(b). Delightfully, it still shows much improvement over the
traditional trace scanning method.

(a) Trace scanning topography

(b) TRSC topography

Fig. 7. Calibration grating topography image comparison for 50Hz line
frequency. Scanning scope: 10µm × 10µm, resolution: 400 × 400 pixels:
(a)Trace scanning, (b)TRSC imaging method.

Fig. 7 shows the comparison between the trace scanning
topography image, and the TRSC topography image for 50Hz
line frequency, 10µm×10µm scanning scope. Because of the
slowly ascending character at the grating edges as shown in
Fig. 6(b), the trace scanning image Fig. 7(a) is really blurry,
while the result obtained by the TRSC method, as shown in
Fig. 7(b), is still well consistent with the practical sample. Fig.
8 shows the comparison for the results of 20Hz line frequency
with 20µm× 20µm scanning scope, which further shows the
superior performance of the proposed TRSC imaging method.

C. Applications

The proposed TRSC imaging method is applied to scan a
biological specimen of E. Coli in air. The E. Coli strain was
grown in LB medium at 37 ◦C with shaking at 150 rpm. Then
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(a) Trace scanning topography

(b) TRSC topography

Fig. 8. Calibration grating topography image comparison for 20Hz line
frequency. Scanning scope: 20µm × 20µm, resolution: 400 × 400 pixels:
(a)Trace scanning, (b)TRSC imaging method.

it was diluted to a suitable concentration and was added to the
surface of newly cleavaged mica. The scanning was performed
after drying the mica surface under a nitrogen.

The scanning scope is set as 10µm × 10µm, the image
resolution is 400×400 pixels, and the scanning speed is chosen
as 10Hz and 50Hz line frequency. From the topography images
shown in Fig. 9, it can be seen that even in 50Hz scanning
tasks, the obtained image still provides trusty topography for
the E. Coli. Furthermore, the section profile comparison is
provided in Fig. 10, which is conducted with the 180th row
data from Fig. 9, as marked with the red dashed line. It
is clearly shown that the raised E. Coli profiles are well
consistent with each other, in spite of a little horizontal bias
caused by the positioning deviation between 10Hz and 50Hz
scanning.

Therefore, the proposed TRSC imaging method gives an
evident boost for the imaging accuracy in fast scanning tasks
without much information lost.

(a) 10Hz TRSC topography results

(b) 50Hz TRSC topography results

Fig. 9. Applications for scanning E. Coli specimen in air with TRSC imaging
method. The scanning scope is 10µm× 10µm, and the image resolution is
400× 400 pixels. (a) 10Hz line frequency, (b) 50Hz line frequency.

Remark 4: All the experiments and applications here are
implemented in contact mode. In fact, for AC mode, the
cantilever dynamics should be considered in (12),(13) to
determine the confidence levels. This further study will be
conducted in our future work.

V. CONCLUSION

In this paper, a trace and retrace scanning combined topog-
raphy reconstruction strategy for an atomic force microscopy
is proposed to enhance its imaging performance, especially
for fast scanning tasks. Firstly, data fusion based hysteresis
compensation is conducted, then a feature point based trace
and retrace alignment is implemented; the preceding two steps
reach a basis for the following combination task. Subsequently,
the trace and retrace scanning topographies are combined
together to calculate the final accurate sample surface to-
pography. The efficacy of the proposed imaging method is
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Fig. 10. Section profile comparison for the E. Coli scanning with the 180th
row data in Fig. 9. The red dashed line is for 50Hz TRSC imaging, while the
blue solid line is for 10Hz TRSC imaging.

verified by the provided simulation and experimental results
of scanning calibration gratings at different speeds. It is shown
that this imaging method has markedly enhanced the imaging
performance, particularly for fast scanning tasks.

Our future work will apply the proposed TRSC method to
scan certain biological samples with sufficiently high speed,
so as to enable biologists to study their dynamic properties. It
will not be restricted to atmosphere environment, the scanning
tasks in liquid will be tried too. We will also focus on de-
signing some more advanced combination strategies and some
more efficient non-raster scan patterns to obtain satisfactory
images when scanning at even higher speed.
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