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Abstract— Atomic Force Microscope (AFM) is a device which
can be applied to measure the surface topography of sample
in nano–scale. Because cantilever holds its physical contact with
the sample, it is also possible to measure the elasticity of samples
in principle. However, in comparison with the improvement of
scanning performance, the technologies for viscosity and elasticity
measurement are still underdeveloped. In this paper, we propose
a method which can measure both the surface topography and the
elasticity of samples. Recursive least–square approach is applied
to estimate the elasticity of samples using the information of the
previous surface topography.

I. INTRODUCTION
The rapid development of the atomic and molecular elec-

tronics, including more and more powerful microprocessors,
contributes to the development of many fields like informatics,
biotechnologies, etc. Atomic Force Microscope (AFM), which
can measure the surface topography of samples in nano–scale,
is one of the milestone products of the development.

Thanks to the feature of holding a physical contact with
samples, AFM can detect atomic force between atoms. There-
fore, unlike Scanning Tunneling Microscope (STM) whose
samples should be conductive materials, AFM does not have
much restriction on sample materials. Furthermore, AFM con-
tributes to nano–manipulation using bilateral control because
of broad utility[1]. In accuracy measurement, it is known
that conventional feedback control methods result in time–
consuming of measurement. In order to improve scanning
speed and accuracy, many method have been proposed from
the view point of hardware and control theory[2][3][4][5]. The
authors’ research group has applied learning control method,
as well as observer and Perfect Tracking Control (PTC) on
AFM, and fast and precise scanning control is obtained[6][7].

In this paper, we deal with measuring the sample’s elasticity
using AFM. In many cases, material elasticity and viscosity are
important information, especially when measuring soft materi-
als like protein. In addition, it would be able to develop a new
material if the characteristic of the sample is known. There
are several studies on measuring the elasticity and viscosity
of samples using AFM, for instance, analysis of the force–
distance curve[8][9], or measuring of sample’s elasticity by
Recursive Least Square (RLS) method[10]. However, sample’s
elasticity and viscosity measurement technique has not been
developed as the high speed scanning and high accuracy
measurement techniques[11].

Literature reviews show that it is rare to find the works on
measuring the surface topography and elasticity at the same
time. Moreover, the dynamics of piezo actuator is not taken
into account. In this paper, we propose a method which can
measure sample’s surface topography and elasticity in alternate
shifts. In this method, we switch the reference signal of AFM
in order to reduce the influence of unknown noise. In addition,
we use RLS method in order to get higher reproducible and
accuracy results.

II. ATOMIC FORCE MICROSCOPE

In this section, we introduce our experiment device and
AFM. There are basically two types of AFM, one is contact–
mode AFM, the other is Dynamic–mode AFM. Contact–mode
AFM can measure samples accurately, and its physical model
is simpler than dynamic–mode AFM. In this paper, we only
consider contact–mode AFM.

A. Contact–mode AFM

In general there are two ways to measure the displacement
of cantilever by surface topography. The former is a method
to measure the interference of laser beams (optical interfer-
ometry). The later is a method to measure the reflection angle
of laser beam (optical lever method). In this paper, we use the
optical lever method. As shown in Fig. 1, in the optical lever
method, the relative change of optical strength is measured by
photo diodes. The bend of the cantilever tip by the sample
surface topography can be detected by the photo diodes, then
compensated by feedback controller moving piezo stage in Z–
direction.

Fig. 2 shows the surface scan route of the cantilever. The
scan route consists of forward scan (FWS) and backward scan
(BWS). In FWS, AFM scans the sample from left to right. In
BWS, it scans on the same route from right to left. The sample
image is obtained by scanning in FWS and BWS repeatedly
in Y–direction. In this paper, we consider only FWS, and the
sample surface topography in the i row is defined as di.

B. Physical model of contact–mode AFM

In this paper, we assume that sample’s viscosity can be
neglected. Then, Fig. 3 shows the physical model of contact–
mode AFM[12], where m, b, k, d, ka, z, and u denote mass
of the cantilever, viscosity coefficient of the cantilever, spring



Fig. 1. Optical lever method (AFM).

Fig. 2. Surface scan route of the cantilever.

constant of the cantilever, spring constant of the sample elas-
ticity, displacement of the surface topography, and input for
piezo actuator in Z–direction, respectively. Thus, the motion
equation of the cantilever is represented by

z =
ka

ms2 + bs+ (k + ka)
(u+ d). (1)

Without loss of generality, we assume that the spring constant
of the sample is far smaller than that of the cantilever, in
other words, (ka ≪ k). Following this assumption, eq. (1) is
rewritten as

z ≃ ka
ms2 + bs+ k

(u+ d). (2)

In the acutual AFM, there is a scale setting gain g when
displacement is detected by photo diodes. Transfer function
of contact–mode AFM is rewritten as

P (s) =
z

u
= g

ka
ms2 + bs+ k

=
k′a

s2 + b′s+ k′
(u+ d), (3)

where k′ = k
m , b′ = b

m , k′a = g ka

m .

C. Experimental setup

Our experimental setup, JSPM–5200 manufactured by
JEOL Ltd., is customized as shown in Fig. 4. The controllers
of commercial AFM are generally in black box. Therefore,
users cannot implement their own control algorithm. Our
control algorithm is implemented and verified in a DSP–
based–control–system.

Fig. 5 shows the typical block diagram of AFM. In Fig.
5, the controller used in the commercial product is an analog

Fig. 3. Model of contact–mode AFM.

Fig. 4. Experimental device.

phase–lag compensator,

C(s) =
ωc

s+ ωc
kp. (4)

The paramertor are tuned as kp = 100, ωc = 2πfc (fc =
0.5 Hz based on the manual of JSPM–5200.

We use the plastic sample as for measurement. Fig. 6 shows
the frequency response, which is the response from input u
to the cantilever position z, and attained by using a servo
analyzer. According to Fig. 6, we can attain the nominal plant
as

Pn(s) =
1.245× 108

s2 + 6.377× 103s+ 8.300× 107
. (5)

However, eq. (5) is true for a point of the sample. Usually,
spring constant of the sample differs from one locating to
another. Therefore, accurate elasticity estimation at every
points of samples is important.

III. ELASTICITY ESTIMATION USING RECURSIVE
LEAST SQUARE

Spring constant of the sample, ka, is not necessary to be
constant in the same sample. It can be different at each point.
We use RLS method in order to measure the sample’s spring
constant accurately. Generally, plant input u+ d is very small
because AFM scans the sample at a reference of r = 0. This
causes small S/N ratio, then the sample’s spring constant can
not be estimated accurately. In this section, we propose the
estimation method switching the reference signal r of AFM
in order to increase the S/N ratio and improve the estimation
accuracy.

A. Recursive least square

RLS is a method to identify parameters of system[13]. In
this subsection, we introduce the algorithm of RLS.



Fig. 5. Block diagram of AFM.
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Fig. 6. Frequency response of the plastic sample.

Input–output relation is denoted by

y[k] + a1y[k − 1] + · · ·+ ana y[k − na]

= b1u[k − 1]+ · · · +bnb
u[k − nb]. (6)

Then, eq. (6) is rewritten as

y[k] = θT[k]φ[k], (7)

where θ[k] and φ[k] are the unkown parameter vector and the
regression vector defined as

θ[k] =
[
a1, ..., ana , b1, ..., bnb

]T
, (8)

φ[k] =
[
−y[k − 1], ...,−y[k − na], u[k − 1], ..., u[k − nb]

]T
.

(9)

Using RLS algorithm, the estimation of the unknown param-
eter vector θ[k] is denoted by

θ̂[k] = θ̂[k − 1] +
P [k − 1]φ[k]

λ+φ[k]TP [k − 1]φ[k]
ϵ[k], (10)

ϵ[k] = y[k]−φT [k]θ̂[k − 1], (11)

P [k] =
1

λ

(
P [k − 1],−P [k − 1]φ[k]φT [k]P [k − 1]

λ+φT [k]P [k − 1]φ[k]

)
,

(12)

where λ is the forgetting factor (0 < λ ≤ 1), θ̂[0] = 0, and
P [0] = γI(0 < γ).

B. Proposed elasticity estimation method

In this subsection, sample elasticity estimation method is
proposed using a previous line sample surface topography. In
the contact–mode AFM, the bend of cantilever is compensated
by feedback controller. Then, the i th row surface topography
is denoted by

d̂i = −ui. (13)

We assume that the sample is satiny and the ith row is closed
to the (i− 1)th line in FWS. That is

di = di−1 +∆i−1, (14)

where ∆i−1 is the difference between the ith line and the
(i− 1)th line surface topography. Eq. (3) is rewritten as

Q(s)
(
s2 + b′s+ k′

)
z = Q(s) [k′a(ui + di)]

= Q(s) [k′a(ui − ui−1 −∆i−1)] ,

(15)

where Q(s) =
ω2

f

(s+ωf )2
is the low–pass filter to make the left

side of (15) proper (ωf = 100 rad/s).
Eq. (15) is rewritten as

y = θTφ+ e, (16)

where,

θ = k′a, (17)
φ = Q(s)(ui − ui−1), (18)

y = Q(s)
(
s2 + b′s+ k′

)
z, (19)

e = Q(s)k′a∆i−1. (20)

From (1), the denominator coefficient of the transfer func-
tion is independent on spring constant of sample ka, when
spring constant of sample is far smaller than that of the
cantilever. Therefore, the following equation can be obtained,

k

m
= 8.300× 107, (21)

b

m
= 6.377× 103. (22)

Thus, we can estimate sample’s spring θ and surface topogra-
phy d using RLS method.

From (13), (14), φ is expressed by

φ = Q(s)(ui − ui−1)

≃ 0. (23)

In actual measurement, output is corrupted by noise. The S/N
ratio is small when input signal is too small. Thus, such
exact estimation results is obtained only when input signal
is large. From Fig. 5, the S/N ratio is improved when a proper
reference is given. However, this means that the cantilever
pushes a sample strongly. The material which needs elastic
measurement is soft, hence, elastic deformation arise between
them. Furthermore, the soft material may be destroyed by the



Fig. 7. Block diagram of the proposed method.

force from the cantilever. Therefore, it is undesirable to have
a reference with large magnitude.

We propose that the reference r is changed from 0 to a
for every sequence. Fig. 7 shows the block diagram of the
proposed method. In this case, plant input ui is expressed by

ui =
C

1 + PC
r − CP

1 + PC
di, (24)

r =

{
0 if i is odd,
a > 0 if i is even,

(25)

where a is the value not to cause too large elastic deformation.
In this method, S/N ratio can be improved, and the damage

given to the sample is reduced. Moreover, the sample’s elastic
deformation can be suppressed by r = 0 when measuring
the sample surface topography. Then, elasticity is estimated
accurately using the previous line surface topography without
deformation. The block diagram of the proposed method is
shown in Fig. 7.

IV. SIMULATION AND EXPERIMENT RESULTS

In this section, we verify the effectiveness of the proposed
method by simulation and experiments.

A. Simulation results

In this subsection, the effectiveness of the proposal method
is verified by simulation. We use the plant model as (5) in
this simulation. Fig. 8 shows the simulation results. Fig. 8(a)
shows scanning route of probe (only FWS). Fig. 8(b), (c) show
the measured surface topography and controller output respec-
tively. In this simulation, reference r is switched between 0
and 0.1 every line. Therefore, the response according to a
reference signal arises in the scan of an even number sequence
line in at 4 ∼ 8 s and 12 ∼ 16 s in Fig. 8(c)–(e). Fig. 8(f)
is the estimation results of sample’s spring constant. In this
simulation, the sample’s spring constant is denoted by

k′a = 1.245× 108, (26)

according to (5). Thus, an acurate estimate is obtained.

B. Experiment result

Fig. 9 shows experimental results, using the plastic sample.
Reference r is switched between 0 and 0.3 every line in this
experiment. The triangular signal in Fig. 9(a) shows scanning
route of probe (FWS and BWS). In an actual experiment, the
piezo actuator has the hysteresis characteristic. In this paper,
we assume that this characteristic is small enough and can
be ignored. Fig. 9(b), (c) show controller output (ui) and
previous line sample surface topography (di−1) respectively,
where d̂i−1 = −ui−1. Fig. 9(d), (e) show plant input (ui +
d̂i−1) and output (z). sample’s spring constant is estimated
from plant input and output, using RLS method. Because
We only consider FWS, sample’s elasticity estimation is not
implemented in BWS. Fig. 9(f) shows sample’s elasticity (k̂′a)
at 0.8 ∼ 1.2 s and 2.3 ∼ 2.7 s, This result is in agreement with
(5). Fig. 9 shows 3D mapping of sample surface topography
and elasticity by the proposed method.

C. Evaluation of the proposed method

In this subsection, we evaluate experimental results of
proposed method. Fig. 11 shows the evaluation method. The
evaluation method is described as follows:

1) Measure sample surface topography and sample’s spring
constant by the proposed method.

2) Input step signal (u) to the plant, and measure plant
output (z).

3) Create the time–varying system and simulate output (za)
of this system.

4) Compare z and za.

Measured elasticity is verified if za fits in z.
From (3), the time–varying system is expressed as

P̂ (s) =
k̂′a

s2 + b′s+ k′
. (27)

Fig. 12 shows the evaluation results. Fig. 12(a), (b) show
surface topography and sample’ spring constant. We input a
step signal to this plant , shown as Fig. 12(c). Fig. 12(d) shows
the comparison of z and za. From Fig. 12(d), za fits in z,
therefore it is can be concluded that the elasticity estimation
is accurate.

V. CONCLUTION

In this paper, we propose a new method to estimate sample
surface topography and elasticity using previous line sur-
face topography by contact–mode AFM. Switching reference
shows the advantage to improve S/N ratio. Moreover, we can
suppress the influence of elastic deformation, and measure
elasticity accurately. In future works, the elasticity estimation
will be taken into account based on more precise model
of AFM, considering sample’s viscosity.. Furthermore, it is
necessary to extend our approach to dynamic–mode AFM,
which can reduce the force to soft material.
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(b) Surface topography (di).
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(c) Controller output (ui).
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(d) Plant input (ui + d̂i−1).
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Fig. 8. Simulation results.
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(d) Plant input (ui + d̂i−1).
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(e) Plant output (z).
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Fig. 9. Experimental results.
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