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IMAGE-BASED HYSTERESIS MODELING AND COMPENSATION
FOR AN AFM PIEZO-SCANNER

Yudong Zhang, Yongchun Fang, Xianwei Zhou, and Xiaokun Dong

ABSTRACT

As an important component of Atomic Force Microscopes (AFM), a
piezo-scanner exhibits some undesired nonlinear characteristics, anong which
the inherent hysteresis largely decreases positioning accuracy during scanning
and nano-manipulation process. To aleviate this problem, an image-based
approach is proposed in this paper to model and then compensate for the
hysteresis behavior of the piezo-scanner. Specifically, some scanning images
over standard samples are utilized to identify the parameters of the classical
Preisach model (CPM) of hysteresis. On the basis of the obtained model, an
inversion-based technique is adopted to design acompensator for the hysteresis
of the piezo-scanner. The proposed algorithm presents such advantages as
low cost and little complexity since no nanoscale position sensor is required
to collect identification data. Some scanning and nano-imprinting results are
included to demonstrate the performance of the proposed strategy.

Key Words:  Atomic Force Microscope (AFM), hysteresis, image, modeling,

compensation.

I. INTRODUCTION

In the field of nanotechnology, an atomic force
microscope is a fundamental instrument which plays
an important role in applications related with nano-
imaging, nano-manipulating, and so on [1]. A 3-
dimensiona piezo-scanner is usualy employed in
AFM systems to generate fine displacements, in-
cluding x, y lateral periodic trajectory for scanning
process, desired trajectory for nano-manipulation,
and z-displacement for constant force control. As an
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actuator, a piezo-scanner has many advantages, such as
high resolution, fast frequency response, and high stiff-
ness. However, a piezo-scanner usually exhibits some
undesired nonlinear characteristics, such as hysteresis,
structural dynamics, and creep. These drawbacks in-
crease the difficulty of achieving high quality imag-
ing or completing complex nano-manipulation tasks.
As a result, the present scanning operation has to be
done under comparatively low frequency so that the
influence of the structural dynamics can be ignored.
However, even for low frequency scanning, the hys-
teresis behavior brings image distortion during large
scale scanning which decreases the accuracy of the
measurement.

Recently, many efforts have been devoted to
modeling and compensating for the hysteresis of piezo-
scanners. According to the modeling mechanism, there
are two types of models describing the hysteresis be-
havior. The first type is called constitutive model such
as Jiles-Atherton (JA) model ([2] offers a numerical
implementation of JA model) and homogenized energy
model [3]. These models are studied from a view-
point of magnetization, thus they have explicit physical
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meaning. Unfortunately, to obtain such constitutive
models, many parameters sensitive to the opera
tion environment need to be identified. Therefore,
these models are not frequently employed in prac-
tical systems. The latter type is often referred to as
phenomenological model [4-9], which is actualy a
mathematical approximation for the hysteresis non-
linearity. Most of these models, such as the Duhem
model [4], the Bouc-Wen model [5] and the fric-
tional model, are in the form of nonlinear differential
equations which bring extremely challenging problem
for the design of feedback controller. In contrast to
these differential models, the classical Preisach model
(CPM) [6] in double integral form is the mostly uti-
lized phenomenological model since it can approach
to the actual input-output hysteresis relationship in-
finitely and its inversion can be achieved via an easy
manner.

To weaken the hysteresis nonlinearity, both open-
loop and closed-loop control methods have been re-
ported to achieve desired performance on the basis of
the above models. In [10], a new dc accurate charge
amplifier was shown to significantly reduce hysteresis
while avoiding voltage drift simultaneously. In [11],
a compensator was designed to reduce the hysteresis
behavior of piezo-scanners. In [3], based on the analy-
sis for the homogenized energy model, an inverse filter
was constructed to attenuate hysteresis and it finally
obtained roughly linear input-output behavior for ferro-
electric transducers. In [12], the authors used amodified
Prandtl-Ishlinskii model to design an inverse controller
that compensates for hysteretic actuator characteristics.
Inversions of different models were utilized in most
of the above compensating strategies. More recently,
some advanced control methods have been successfully
implemented on the piezo-scanners utilized in AFM
systems to enhance their measurement/manipulation
performance. In [13], by utilizing the CPM, Wu et al.
proposed an inversion-based iterative controller to ob-
tain a better performance for AFM systems. In [14],
the design and implementation of an H., controller
demonstrates substantial improvements in the position-
ing speed and precision by eliminating the undesirable
nonlinear effects of the actuator.

Unfortunately, either to identify the model pa
rameters or implement feedback control, most of the
aforementioned methods require a nanoscale position
sensor to measure the actual displacement of the piezo-
scanner. However, it is usually difficult and costly
in practice to equip commercial AFMs with such
nanoscal e position sensors on the 3-dimensional piezo-
scanner tube. Motivated by thisfact, some image-based
distortion correcting methods have been developed in

[15—17], which mainly post-process the obtained image
to eliminate the distortion by employing some standard
sample data. These image-based strategies involve no
expensive nanoscale position sensors, and they are
much easier to implement in practice. The purpose of
this image-based research is to aleviate the hysteresis
behavior of a piezo-scanner, which is different from
[18] of eliminating its dynamic effects. Specificaly, in
this paper, the CPM is chosen to model the hystere-
sis nonlinearity of an AFM piezo-scanner due to its
high accuracy, and an image-based approach is then
designed to identify system parameters. Subsequently,
based on the inversion of the obtained CPM, a compen-
sator is proposed to attenuate the hysteresis behavior.
Compared with the previous image-based methods, this
innovative strategy can model the hysteresis behav-
ior accurately and then compensate for it effectively.
Therefore, it enhances image quality through improv-
ing the positioning accuracy rather post-processing
the obtained image. Experimental results demonstrate
that the obtained model accurately describes the hys-
teresis nonlinearity and the compensator improves the
performance of the AFM system effectively.

The rest of the paper is organized as follows.
Section Il gives a detailed description for the inno-
vative image-based hysteresis modeling strategy, in-
cluding the introduction of CPM and the explanation
of the image-based parameter identification method.
In Section Il1, the recursive implementation of CPM
model is presented and an inversion-based compen-
sator is constructed to alleviate the hysteresis non-
linearity. Some experimental results of imaging and
imprinting are provided in Section 1V to illustrate the
efficacy of the proposed strategy. Finally, Section V
summarizes this paper and gives some plans for future
work.

Il. IMAGE-BASED HYSTERESIS
MODELING

2.1 Classical Preisach Model (CPM)

The Preisach model is widely used to describe
various hysteresis phenomena. It can be regarded as
the superposition of series of hysteresis operators called
hysteron. Asdepictedin Fig. 1(a), the play-stop operator
is often utilized with output as 0 or 1.

Define u(t) e R, v(t) =y €ER, te [0, T] as the
input and output of the hysteron corresponding to a
pair of threshold (5, «) with < « respectively. Then
with an on/off variable & € {0, 1}, the initial value of
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Fig. 1. (8) The play-stop Preisach operator, range {0, 1} with threshold
(f, 0); (b) the triangle areais the integral region of CPM. CPM

is defined as the integral of the weighted Preisach operator
over this region.

the hysteresis operator can be described as [7]:
0 u©0 =g

¢ p<u(0)<a 1)
1 u@© >aua

v(0)=

Assume that X¢2{z € (0, t] : u(t) = or a} asthe
time set when u(t) crossesthethreshold /5 or «, then the
output of thisoperator during t € (0, T] can be obtained
as follows:

v(0) if Xi=0
v()E10 if X; # ¢ and u(max X;) =8 (2)
1 if X; # @ andu(max X;) =«

The CPM is defined as the double integral over
the triangle region (see Fig. 1(b)) in which every point
represents a hysteron, and for each hysteron, there exists
a corresponding weight u(a, ) € R:

P =Hiuw= [ [ e Prglu 1 @

where fP(t)eR is the output of the CPM, and
PaplU®)] € R stands for the output of the hysteresis
operator.

The CPM has numerous properties, among which
congruency property isakernel nature which states that
whenever the integral values of the filled triangle in
two integral planes are equal, the output of the model
corresponding to a minor loop input is independent of
the previousinput (Fig. 2). This property will be utilized
in the subsequently proposed image-based hysteresis
modeling method, since when an AFM is employed to
scan samples, the input of the piezo-scanner is usualy
chosen as a periodic triangle signal.

Remark 1. As can be seen from (1) and (2), the value
of Taplu(®)] in the CPM not only relies on the current

» »
Lo Lo

B B

Fig. 2. Congruency property, the integral values of the filled triangle
in the two integral planes are equal whereas the previous input
may be different.

input u(t), but also relates to the previous input. Due
to this merit, the CPM can capture the hysteresis char-
acteristic remarkably. Therefore, it is effective for the
description of the static hysteresis nonlinearity of AFM
piezo-scanners under low scanning frequency.

2.2 Image-based parameters identification

The key issue of modeling hysteresis is to deter-
mine the weights of the integral plane. From (3), it can
be seen that the twice differentials have to be calcu-
lated in order to abtain these weights. This step often
leads to large error because of the noise amplification
effect of the differential operation. In this research, a
discrete recursive method, which is easy to implement
in computer, is designed to avoid this problem. That
is, compared with conventional modeling process with
nanoscale position sensors, an innovative data collec-
tion and parameter identification strategy is designed
which only requires some image data obtained from the
scanning of standard samples. Specifically, based on the
congruency property and the periodicity of the input
signal, some scanned image data is employed to deter-
mine the parameters of the CPM by going through the
following four steps.

Step 1. Sample scanning and image collection

The objective of this step is to obtain input-output
data of the AFM piezo-scanner for the subsequent pa-
rameter identification task. Since no position sensor is
available for the measurement of the output displace-
ment, in this research, an indirect way based on sample
scanning and image analysis is adopted to calculate the
displacement of the piezo-scanner related with specific
input. To collect input-output data, the input voltage ex-
erted on the AFM piezo-scanner varies evenly within
a pre-defined range. In order to obtain precise estima-
tion of the scanner displacement, standard sample with
known period (such as a calibration grating) is scanned
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under a comparatively low frequency so that the dy-
namics of the AFM system can be ignored. Hence, the
displacement of the piezo-scanner can be obtained by
counting the number of periods in the sample image
since the period of the sample is known as a prior.

Remark 2. Creep effects become remarkable for a
long time scanning operation. However, for the sample
scanning and image collection process involved in this
paper, since only one line of the sample is scanned
periodically rather than an overall image for each scan-
ning range, the creep effects can be ignored without
causing much error.

Step 2. Image data analysis

On the basis of the abtained image, some analysis
techniques, such asthe center of gravity method, can be
applied to extract the feature points, which represent the
peak points of the sample. For the sake of simplicity, the
following formulacan be utilized to set the threshold T:

:waﬂ

T 4

where n is the total number of scanned points, ¢ and a
are some parameters adopted to eliminate the effects of
the scanning noise which can be set asa=1,c=0in
the case of little noise, height(i) represents the height
information of the ith point. By comparing with the
threshold T, we can divide the image into some seg-
ments of which some are greater than the threshold T.
After that, the coordinates of feature points Cs can be
extracted from these segments as follows:

Y=, i + height(i))

Ct
Ce . height(i)

©®)

where Cs, Ce are the starting and ending coordinates
of certain segment, with height(i) being the height of
sample surface at point i subject to the constraint of
height(i) > T.

Step 3. Polynomial curve fitting

Since the obtained two adjacent feature points rep-
resent two neighboring peak points of the sample, their
distance is equal to the period of the standard sam-
ple, and it should be invariant with different adjacent
points if the sample is completely periodic. Based on
this fact, the displacements of the piezo-scanner can be
obtained by counting the number of the feature points,
while the input voltage is directly obtained by muilti-
plying the space voltage with its coordinate. After that,
the input-output map is approximated by a polynomial

curve through the least square method (LS):
0= (DL ON) DN YN (6)

where 6 € R™ isthe parameter vector of the polyno-
mia curve with order m, and ®n € RN*(MD denotes
theinput voltage matrix with N being the number of the
feature points, and yn € RN is referred to as the output
vector, that is, the displacements of the piezo-scanner
corresponding to the feature points.

Step 4. Weights calculation

For each scanning range, the relative displace-
ments of integral curve vertices are computed through
a similar polynomia curve approximation. Finally the
weights of all blocks in the discrete integral plane can
be calculated recursively.

I11. INVERSION-BASED COMPENSATION

3.1 Recursive implementation of the CPM

As stated in the previous section, the weights of
the discrete integral plane can be obtained based on the
scanned image data. After that, arecursive implementa-
tion of the CPM is utilized to obtain a continuous inver-
sion of the CPM by adopting the first reversal function
(FORF) method [6].

As depicted in Fig. 3(a), f, stands for the dis-
placement of the piezo-scanner when the input ascends
from umin to «, while f,z stands for the displacement
of the piezo-scanner when the input descends to f after
ascending from umin to «. The function f, and f,; are
called first order reversal functions. We can easily ob-
tainthevaluesof f, and f,; when o and 5 are vertices of
the integral plane since the weight of each block in the
discrete integral plane is already known. For any other
values of « and f3, the interpolation method is utilized

A A

»
L

@™ ¥ (o) C

Fig. 3. (a) shows the first order reversal function with («, f8) located in
the integral plane; (b) shows an example of the interpolation
process. That is, any FORF value can be obtained through the
four values of the rectangle vertices which are available from
Section 1.
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to calculate f, and f,g:

tp=cl +cPur S+ clap ©)

where the coefficients (cg, c1, Cp, C3) isrelative to each
discretized area. As shown in Fig. 3(b), the coefficients
(Cp, €1, C2, C3) corresponding to the rectangle in the cir-
cle can be obtained by solving the equation group which
is formed by substituting the values of the four vertices
into equation (7). Consequently, for any («, ) locatedin
the rectangle, its FORF value will be available through
equation (7).

As the first order reversal functions can be com-
puted by (7) for any o and /3, the output corresponding

f p(tn)_ f p(tm)_Cg(tn)+Cg(tn)u(tm)+cg(tn)u(tm)u(tm)

After some mathematical arrangement, (9) can be ex-
pressed as:

1, t t
fPty) = f p(tm)-i—Cg( n)_Cg( mU(tm)
Py
u(tn) u(tn) u(tn)u(tm)
+(Cln+02n_cln m

—c3 ™y ) utn) (10)

Then, the desired input voltage can be easily obtained
such that:

uth) =

to u(ty) can be expressed as:

fPtn) = fP(tm) + futy — futtmudtm ()

where fP(ty) is the displacement at tn, fP(ty) is the
absolute displacement of the piezo-scanner at the start-
ing voltage.

3.2 Inversion-based compensation of hysteresis

In this section, based on the recursive implemen-
tation of the CPM, an inversion of the CPM is con-
structed to compensate for the hysteresis nonlinearity.
Asdepicted in Fig. 4, the tracking signal r (t), together
with the obtained CPM, isutilized to calculate asuitable
input u(t) into the piezo-scanner to achieve the desired
performance.

Substituting the interpolation equation (7) into (8)
yields:

fP(tn) = fP(tm) 4y ¢ ™ u(tn)+c5 ™ u(tn)

_(Cg(tn)u(tm) + Cg(tn)u(tm)u(tn)

+Cg(tn)u(tm) U(tm)-i-Cg(tn)u(tm) Uty U(tm))
©)

r(t) u(t)

HL] I

Fig. 4. Compensation framework.

u(tn) u(tn) u(tp)u(tm) u(tp)u(tm)
Cp MHC M —c ™ =3 T U ()

(11)

Now, the remaining problem isto determine these
coefficients appeared in (11). The following procedures
are adopted to calculate the input after compensation.

(8) Set u(ty) =u(ty—1) to obtain a group of coeffi-
cients;

(b) Substitute these coefficients into equation (11).
When the acquired u(t,) and the one set previ-
oudly in (a) or (c) are in the same block of the
integral plane, it implies that these coefficients
arevaid, and u(ty) is then the designed input at
th, asagroup of coefficient is corresponding to a
discretized block of the integral plane. Hence the
process can be stopped; otherwise, these coeffi-
cients are still incorrect, in this case, the process
starting from step (¢) has to be repeated to obtain
suitable coefficients.

(c) As the input is monotonically increasing, set
u(th) =u(ty) — Au, where Au is the space of
the integral region, then go to (b) to update the
group of coefficients.

The inversion-based compensation agorithm de-
scribed above is utilized for the duration when the ac-
tuating voltage is ascending. After following the same
process, the compensation strategy for descending in-
put can be similarly obtained based on the expressions
of (9) and (11). Hence, the triangle trajectory for bi-
directional scanning and random trajectory for nano-
manipulation can be compensated exactly.

For the desired scanning scope, the compensation
work is done as the following steps. Firstly, the input
range is computed using recurrence method. Secondly,
based on the inverse compensation, an input sequence
which amounts to the desired pixels is calculated.
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Fig. 5. Discretized integral plane. The input of the piezo-scanner ranges
from —160V to 160V, and it is divided into 32 sub-ranges
with a space of 10V.

Finally this input sequence is applied to the piezo-
scanner to execute the scan process so that a high
quality scanning image can be achieved.

Remark 3. As the proposed compensation agorithm
successfully addresses the hysteresis of the piezo-
scanner for any desired trajectory, the bi-directional
scanning mode can be possibly achieved by applying
this technology to AFM systems, while most current
AFMs offer only one direction scan due to the hystere-
sis nonlinearity. In general, this research work will not
only enhance scanning accuracy, but it is also possible
to speed up scanning rate and reduce damage to samples
simultaneously. Besides, for any  nano-manipulation
tasks, the suitable input of the piezo-scanner can be
calculated based on the desired trajectory by employing
this method.

IV. EXPERIMENTAL RESULTS

To verify the performance of the proposed image-
based hysteresis modeling and compensation strategy,
the Benyuan CSPM 4000 AFM system produced by
Being Nano-Instruments Ltd. is utilized as the exper-
imental testbed. In this AFM system, the praobe pro-
duced by Mikromasch and piezo-scanner customized by
Pl are utilized. Based on this testbed, the CPM of the
piezo-scanner is obtained and an inversion-based com-
pensator is then constructed to eliminate the hysteresis
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Fig. 6. Feature points obtained via the center of gravity method, where
the points circled are the feature points, and the bold line is
chosen as the threshold.
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Fig. 7. Approximation curves from least square method.
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Fig. 8. Three dimensiona graphics of weights for the piezo-scanner
utilized in the AFM (Benyuan CSPM 4000, PR. China).

effect of the scanner. After that, both nano-imaging and
nano-manipulation tasks are executed upon this AFM
instrument to evaluate the efficiency of the proposed
image-based modeling and compensation strategy.
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@

Fig. 9. Scanned topography results of the scanning over a periodic calibration grating:
(a) without hysteresis compensation and (b) with compensation for hysteresis.

(@

(b)

Fig. 10. Imprinting results on polycarbonate: (a) without hysteresis compensation and (b) with compensation for hysteresis.

4.1 Hysteresis modeling and compensator
construction

To obtain input-output data of the AFM piezo-
scanner, the input voltage exerted on the scanner ranges
from —160V to 160V, and it is evenly divided into
32 sub-ranges to obtain a discrete integral plane as
Fig. 5. A onedimension calibration grating is utilized as
the standard sample whose nominal period is 278 nm.
The center of gravity method is utilized to extract fea
ture points from the scanning image. As illustrated in
Fig. 6, the points marked by the circles are some feature
points corresponding to those segments. Based on the
obtained feature points, the polynomial curve, and then
the weight of each block in the discrete integral plane
can be calculated. Theseresults are shown in Fig. 7 and
Fig. 8, respectively. After obtaining the CPM model, an

inversion-based compensator can be easily constructed
by utilizing the strategy stated in Section I1l.

Remark 4. For the same AFM testbed, as the CPM
model obtained by the proposed method gives a good
description for the system behavior, the hysteresis mod-
eling and compensator constructing process need not to
be done frequently. However, for along time operation
or in the case of very different environment, the calibra-
tion work has to be re-done in order to achieve a better
compensation for the hysteresis effect.

4.2 Nano-imaging

A calibration grating with a period of 1.667 um is
chosen as the testing sample. The scanning scope and
resolution are set as 10 um and 512 x 512 respectively.
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In z-axis, the classical proportional-integral-derivative
(PID) control method is utilized to keep the output con-
stant. Fig. 9 records the scanning results of the sam-
ple topography under the scanning frequency of 1Hz
(one line per second). It can be seen that when the
hysteresis is not compensated, the scanning image of
Fig. 9(a) presents much distortion and the periodic char-
acteristic of the grating can not be observed from the
image due to hysteresis (as marked in the image). In
contrast, asshownin Fig. 9(b), theinversion-based com-
pensation algorithm effectively attenuates the hystere-
sis of the piezo-scanner, and the scanned image reflects
the actual topography of the grating accurately, as its
periodic characteristic is well displaced. Note that in
thelateral direction, y-axis of the piezo-scanner exhibits
hysteresis nonlinearity as well as x-axis. Therefore, the
compensation algorithm has been implemented in these
two positioning axes.

4.3 Nano-imprinting

In order to verify the efficacy of the proposed com-
pensation algorithm for random manipulation task, an
imprinting experiment is performed on the polycarbon-
ate material. The letters ‘“NK’ are imprinted with and
without hysteresis compensation, respectively. During
imprinting, a stiff probe with bigger spring constant is
employed and the trajectory is designed following the
shortest path principle. Fig. 10 shows the experiment
results. It can be seen that the size of the result without
compensation (see Fig. 10(a)) is much smaller than de-
sired (about half of thefull height), and the strokesin the
circle are not connected, which will bring serious prob-
lems for some nano-manipulation and nano-fabrication
tasks. As shown in Fig. 10(b), the imprinting result af-
ter hysteresis compensation has proper size and reason-
able shape. This lithography experiment suggests that
the proposed compensation approach can be extended
to other nano-manipulation tasks.

V. CONCLUSION

In summary, this paper proposes 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 is
designed to largely eliminate the effect of hysteresis.
Experimental results are provided to show that high
quality scanning image can be obtained after the com-
pensation of hysteresis. In addition, due to the at-
tenuation of hysteresis, bidirectional scanning can be
possibly achieved which will subsequently enhances
scanning speed and accuracy of the AFM systems.

Moreover, based on the obtained experimental results,
it is believed that the compensation work can improve
accuracy of nano-imaging and nano-manipulation tasks
aswell.

As the image data for modeling is acquired un-
der low frequency, feed-forward control based on the
inversion of the static Preisach model can only be im-
plemented with slow scanning speed. Therefore, this
method mainly improves imaging accuracy under low
frequency. Besides, the effect of creep is not strictly
considered in this research. Our future work will be
aimed on dynamics and the creep phenomenon of AFM
piezo-scanners. |n addition, some modern control strate-
gies will be employed to address these factors, which
will improve scanning and manipulation performance
of AFM systems expectably.
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