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Abstract—As the actuator of a common atomic force mi-
croscopy (AFM), a piezoelectric scanner has many advantages
than other actuators, such as high precision of displacements
on the nanoscale, high efficiency of electromechanical coupling,
rapid response and so on. However, hysteresis nonlinearity of a
piezoelectric scanner affects the positioning of the scanner and
image quality of an AFM system. In this paper, a modeling
method based on Back Propagation Neural Networks (BPNN)
is proposed to compensate for hysteresis behavior. In particular,
considering memory characteristics and frequency dependence
of the hysteresis effect, firstly, we utilize a two hidden layers
BPNN consisting of an input layer including the frequency and
a section of the input voltage, two hidden layers, and an output
layer to model for hysteresis. Subsequently, a method based on
cubic spline interpolation is proposed to compensate for hysteresis
behavior. Experiment results demonstrate the high precision of
the obtained hysteresis model and the good performance of the
proposed compensation method.

Index Terms—Atomic Force Microscopy, Hysteresis, Back
Propagation Neural Networks

I. INTRODUCTION

Because of its significant advantages in many aspects, an
atomic force microscope (AFM) has been applied in lots of
fields, such as nanomanipulation, nanotechnology and biotech-
nology [1]. An AFM utilizes a tiny probe to scan detected
samples to obtain the image, the basic principle is to keep the
force between the probe tip and the atoms of samples’ surface
remain unchanged [2]. In this way, an AFM can acquire
the image resolution on the nanoscale without limiting the
electrical conductivity of samples [3]. Moreover, the probe
can scan samples both in gaseous and liquid environment,
which makes the AFM available in some liquid biological
experiments [4]. In a word, an AFM has more advantages than
traditional optical microscopes and it will be a irreplaceable
tool in more and more fields [5].

For a common AFM system, a three dimensional piezoelec-
tric scanner is usually employed as an actuator to generate
displacements in nanometer level, including x, y lateral pe-
riodic trajectory for scanning process and the constant force
control in z-direction [6]. Compared with other actuators, the
piezoelectric scanner has many inimitable superiorities, such
as high precision of displacements on the nanoscale, high ef-
ficiency of electromechanical coupling, rapid response and so
on [7]. However, due to the influence of ferroelectric effect, the
hysteresis nonlinearity of the piezoelectric scanner is caused.

978-1-5090-2945-7/16/$31.00©2016 IEEE

119

And the hysteresis nonlinearity becomes more pronounced
with the increase of the frequency of the input driving voltage,
which affects the positioning of the piezoelectric scanner and
the image quality of the AFM system [8].

After noticing the impact of the hysteresis on the perfor-
mance of the AFM system, many researchers have attempted
all kinds of methods to address this problem. For example,
H. Tang et al. proposed an image-based method by using
polar coordinate to model the piezoelectric scanner utilized
in AFM, which could effectively avoid the troubles of data
acquisition in AFM system [9]. Besides, in [10], K. K. Leang
et al. presented the design of a high-gain feedback controller
to account for hysteresis effects without modeling the compli-
cated nonlinear behavior and the feedforward input improved
the performance of the feedback controller significantly. In
addition, Y. Zhang et al. proposed an image-based method
to model the hysteresis characteristic of the AFM piezo-
scanner. Based on the obtained model, a numerical recursive
inversion-based compensator was designed to largely eliminate
the effect of hysteresis [11]. In [12], D. Habineza er al.
presented a new multivariable hysteresis Bouc-Wen model
model and a compensator based on the combination of the
inverse multiplicative structure with the mode to compensate
for the hysteresis in a 3-DoF piezoelectric tube actuator. The
experimental results demonstrated the proposed method could
linearize the hysteresis in the direct transfers and to minimize
the hysteresis of the cross-couplings.

Considering of the complexity of the hysteresis nonlinearity,
it is difficult to utilize a simple mathematical model to describe
the hysteresis effect. However, it is encouraging that Back
Propagation Neural Networks (BPNN) has been demonstrated
the feasibility of capturing nonlinear interactions between
various parameters in complex systems [13]. Therefore, in
this paper, we make effort to apply a two hidden layers
BPNN consisting of an input layer, two hidden layers, and an
output layer to model for the hysteresis. To be specific, firstly,
considering of the memory characteristics and the frequency
dependence of the hysteresis effect, we set the frequency of
input voltage and a section of the input voltage including the
voltage values of the current moment and the previous several
moments as the input nodes of the BPNN. After continually
iterative training, the final weights and thresholds which make
the network error sum of squares minimum are determined. In



this way, the hysteresis modeling related to the frequency is
completed. Then we propose a method based on cubic spline
interpolation to compensate for the hysteresis behavior and
improve the performance of the AFM system.

The rest of the paper is organized as follows. In Section 2,
we introduce the hysteresis effect of the piezoelectric scanner
in detail and analyze the main characteristics of the hysteresis.
In Section 3, we utilize a two hidden layers BPNN to model for
the hysteresis behavior and propose a method based on cubic
spline interpolation to realize the hysteresis compensation to
improve the AFM performance. Then, Section 4 presents the
experiment results to demonstrate the performance of the
proposed modeling and compensation method. Finally, the
conclusions of this paper are made in the Section 5.

II. ANALYSIS OF THE HYSTERESIS EFFECT

For a traditional AFM system, under normal circumstances,
a set of triangular/sine wave voltage is set as the input voltage
of the piezoelectric scanner in x-direction to actuate the back
and forth movement. Because of the hysteresis nonlinearity
of the piezoelectric scanner, the relationship between the
output displacement and the input voltage is nonlinear [14].
When the input voltage alternately increases and decreases,
a typical mark of hysteresis is that the output forms a loop
as shown in Fig. 1, the red line and the blue line respectively
represent the forward and backward scanning, the black dotted
line represents the desired displacement. On account of the
hysteresis effect, the hysteresis loop is generated which makes
the deviation between the output displacement and the desired
displacement. So the obtained height information of the s-
canning points is not matching to the corresponding points,
which leads to the distortion of the image. In addition, the
hysteresis effect has a memory characteristic, to be specific,
the output displacement is not only determined by the current
input voltage but also related to the history features and the
change of the input voltage [15]. This characteristic leads to
the different of the output displacement between the forward
and backward scanning.
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Fig. 1: The hysteresis effect of the piezoelectric scanner with frequency 5H z
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The degree of hysteresis nonlinearity depends on many
factors, among which the frequency of input voltage is an
all-important factor. As shown in Fig. 2, the black, blue and
red line respectively represent the hysteresis loop of the piezo-
electric scanner with 1H z, 30H z and 60H z. With increasing
the frequency of the input driving voltage, the hysteresis loop
becomes wider which means the hysteresis effect is more
pronounced. In the meantime, the displacement of the scanner
decreases with the increase of the frequency. When an AFM is
operated with high frequency, the hysteresis effect could result
in severely distorted tip displacements which leads to the poor
image quality and the low positioning accuracy. Therefore, the
hysteresis effect reduces the bandwidth and performance of the
AFM system [16].
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Fig. 2: The hysteresis effect of the piezoelectric scanner with different
frequency of the input voltage

IIT. HYSTERESIS MODELING AND COMPENSATION

A. Hysteresis Modeling Based on Back Propagation Neural
Networks

Noticing this drawback of the traditional AFM system,
firstly, we utilize a BPNN to build the hysteresis model of
piezoelectric scanner in x-direction. A BPNN is a neural net-
work which utilizes the back-propagation learning algorithm
to adjust weights and thresholds continually [17]. In a BPNN,
the mathematical relationships between the various variables
are not specified. Instead, they learn from the examples fed to
them [18]. In addition, they can generalize correct responses
that only broadly resemble the data in the learning phase. The
BPNN with a single hidden layer has been shown to be capable
of providing an accurate approximation of any continuous
function provided there are sufficient hidden neurons [19].

In this research, considering of the memory characteristics
of the hysteresis effect [20], we choose a section of the input
voltage rather than the current single voltage as an input of
a BPNN. Furthermore, because the hysteresis effect is related
to the frequency of the input voltage, so the frequency is also
input to a BPNN. After repeated experiments, we utilize a



two hidden layers BPNN consisting of an input layer, two
hidden layers, and an output layer to model for the hysteresis.
As shown in Fig. 3, the input layer is composed of ten
nodes, of which x; to xg9 represent a section of the input
voltage including the voltage values of the current moment
and the previous eight moments, x1o represents the frequency
of the input voltage. h; and R respectively represent the
hidden nodes of the first and second hidden layer, wherein
je{1,2...,12},k € {1,2...,6}. y is the output node which
represents the output displacement. w;;,w;, and @y are the
weights between the adjacent layers.

Output
displacement

Input
layer

Fig. 3: The structure diagram of the adoptive BPNN

Then we can get the relationship between the input layer
and the first hidden layer as follows:
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where «; represent the threshold corresponding to each node
of the first hidden layer, f represents the transfer function
tansig of the form
_ 2
1t
where ¢ represents independent variable.
Similarly, the nodes of the second hidden layer can be
calculated as follows:
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where (), represent the threshold corresponding to each node
of the second hidden layer.
Then the output displacement is calculated as follows:
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where v represents the threshold of the output node.

By utilizing the formula (1)-(4), the hysteresis model relat-
ed to the frequency is obtained. Then we set formula (5) as
the input voltage to obtain the weights and thresholds.
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2
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where 1Hz < f,, <95Hz.

After continually iterative training, the final weights and
thresholds which make the network error sum of squares min-
imum are determined. The hysteresis modeling result based
on BPNN is shown in Fig. 4(a), the blue solid line and the
red dotted line respectively represent the actual displacement
and the output displacement of the modeling result. From
the result, it can be seen that the hysteresis model describes
the relationship between the input voltage and the output
displacement with sufficiently high precision. And the output
error between the actual out and the modeling output also
demonstrates the modeling precision as the red dotted line
shown in Fig. 4(b).
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Fig. 4: The hysteresis modeling result

In order to show the modeling result more intuitively, we
choose a set of sine voltage with frequency 5H z as the input
voltage to prove its performance. As shown in Fig. 5(a), the
modeling output is basically the same with the actual output.
And the model error of hysteresis loop in the forward and
backward scanning process are respectively shown in Fig. 5(b)



and Fig. 5(c), which both demonstrate the high precision of
the obtained hysteresis model based on the BPNN.
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Fig. 5: The hysteresis modeling result with frequency 5H z

B. Compensation for the Hysteresis Behavior

After obtaining the hysteresis model, we propose a method
based on cubic spline interpolation to compensate for the
hysteresis behavior. In this section, we just take the forward
scanning for example to introduce this method in detail, and
the process of the backward scanning is compensated in the
same way.

Because of the influence of the hysteresis nonlinearity,
actually the coordinates of scanning points of each single row
(rn, = n,n € {1,2,...N}) are not corresponding to the
obtained height value of scanning (H,,n € {1,2,...N}),
where NN represents the number of scanning points of each
single row. So as shown in Fig. 6, firstly, both the abscissa axis
and ordinate axis of the hysteresis curve are evenly divided
into IV sections.

For each scanning point, we can get the voltage value v,
corresponding to the coordinate 7,, as follows:

where k, represents the slope of the input voltage and the
desired displacement.
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Fig. 6: The transformation of coordinates for the hysteresis compensation

Then the actual coordinates of the scanning points are
calculated as follow:

TAn:F(vnvf)

where F' represents the hysteresis model which can be ob-
tained by the formula (1)-(4), f represents the frequency of
the input voltage. Because 7,, and H, are truly matching, then
we utilize cubic spline interpolation to calculate the height
value H,, corresponding to 7,,.

In cubic spline interpolation, a series of unique cubic
polynomials are fitted between each of the data points, with the
stipulation that the curve obtained be continuous and appear
smooth [21]. These cubic splines can then be used to determine
rates of change and cumulative change over an interval [22].
Based on this theory, H,, can be calculated as follows:

n=29S(rn),ne{1,2,...N}

where S is a piecewise function of the form

s1(rn), 71 <1y <y
S(ra) = U S ET ®
s3(rn), Tn-1 <Tn < TN
where s,, is a third degree polynomial defined by
Sn(Tn) =ap+ bn(rn - ’f'n) (7)
+ Cn(rn - 7277,)2 + dn('rn - fn)gv

and a,, by, c,, d,, are parameters which are determined by 7,
and h,,. By this method, the real height of the scanning points
with the hysteresis compensation are obtained to image with
high quality.

IV. EXPERIMENT RESULTS

In the experiments, the proposed method is applied to the
commercial Benyuan CSPM4000 AFM system to verify its
performance. We use an optical grating sample with a feature
height of 10nm to evaluate the AFM images [23]. The optical
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grating is a kind of optical device which is composed of many
parallel narrow gaps with fixed equal width and spacing [24].
Fig. 7 shows the standard image of the optical grating, which
can be seen that the width of spacing in the image is fixed
equal.

Fig. 7: The standard image of the optical grating

In the first experiment, the sample is scanned with frequency
5H z. As shown in Fig. 8, the blue solid line represents a row
of the uncompensated scanning result of the optical grating.
Because of the hysteresis nonlinearity, the left part of the blue
solid line is much wider than the right part obviously, which is
failed to reflect the real morphology of optical grating. After
the compensation, the obtained height information is shown
as the red dotted line, which has gaps with equal width and
spacing and is more close to the real morphology of the optical
grating.
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Fig. 8: A row of the uncompensated and compensated images with frequency
5Hz

The scanning image of the optical grating in the first exper-
iment is shown in Fig. 9, compared with the uncompensated
scanning image of the optical grating, the compensated image
reflects the real morphology more really.

Furthermore, in order to demonstrate the performance of
our proposed method with high scanning frequency, in the

123

Fig. 9: The uncompensated and compensated images with frequency 5H z

second experiment, we apply this method to scan the sample
with frequency 50H 2. As shown in Fig. 10, the compensated
image is more close to the real morphology of the optical
grating than the uncompensated scanning image.

Fig. 10: The uncompensated and compensated images with frequency 50H z

V. CONCLUSION

In this paper, a two hidden layers BPNN consisting of an
input layer, two hidden layers, and an output layer is utilized
to model for the hysteresis effect of the piezoelectric scanner.
Specifically, because of the memory characteristics and the
frequency dependence of the hysteresis, both the frequency
and a section of the input voltage are input to the BPNN.
And the hysteresis modeling is obtained by constantly iterative
training. Then we propose a method based on cubic spline
interpolation to compensate for the hysteresis behavior effec-
tively. The experiment results with low and high frequency
both show that the proposed method improves the performance
of the AFM system. In the future work, we will focus on
the design of the BPNN in the hysteresis modeling and the
research of the hysteresis compensation.
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