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Abstract: Dynamic analysis and study of atomic force microscopy in liquid
environment are the main goal of this research. Hydrodynamic and squeeze forces
act on cantilever of atomic force microscopy which works in liquid environment as
well. The present paper investigates the effect of different environmental and
physical factors on frequency response diagrams. The frequency response analysis
studies the occurrence possibility of a phenomenon which causes disturbance and
decreases accuracy of imaging. Timoshenko beam model and finite element
method were used to be simulated. Meanwhile, the interaction forces between
sample and tip point in gas and liquid environments were also considered in
simulations. Achieved results showed that in comparison with gas, resonance
frequency decreases considerably in liquid environment which is due to additional
mass of liquid and also amplitude decreases in liquid environment for additional
damping due to presence of liquid. Meanwhile, several studies in repulsion and
attraction area with more and less distance from equilibrium distance, showed that
in repulsion state, stimulation frequency is more than attraction area; the reason is
related to more hardness in repulsion area, and also the presence of interaction
forces revealed the fact that the amplitude is not zero in zero excitation frequency.
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1 INTRODUCTION

Atomic force microscopy (AFM) is made of a flexible
cantilever with a sharp tip placed at the end of
cantilever as the most important part of AFM. When
the tip moves onto the sample, it makes some forces on
it, bending the cantilever and causing the way of laser
beam to change and its reflection to be displaced on
detector, producing the topography of surface
accordingly. Here, the cantilever had stimulated in a
stable frequency that usually is resonance frequency or
close to it. The micro cantilever that used in AFM is the
essential part and central core of AFM because of its
application. Therefore, it is necessary to study the
dynamic response and control of micro cantilever in
order to reach optimum function.

Optimizing the AFM system, not only leads to increase
in sampling speed and accuracy, but also provides
higher image resolution and improves the cognition of
nano world in a better and more accurate way.
Additionally, it enables to access world of nano by
making some changes in place of particles, or nano
manipulation. Using more accurate dynamic models
helps to analyze the response of system in a more
efficient way, facilitating the anticipation possibility of
its behavior and thus, providing higher possibility of
controlling system response. Researchers and creators
of AFM device need to know the system behavior, way
of imaging, efficient response factors, control
improvement, and force measurement in nano scale;
this reveals the need to analyze the atomic force
microscopy dynamically as an essential issue.

Using silicon cantilever, Putman et al. extracted
experimental diagrams in liquid and also proceeded to
dynamic analysis in tapping mode [1]. Also, it can be
mentioned that Christov [2] has made vast researches
concerning interaction forces, while Grass [3] worked
on DLVO theory. However hydrodynamic force has
been investigated by Vinogradova and Bonaccurso [4].
Bonaccurso et al. reviewed all experimental works
done in Newton and non-Newton liquid by using AFM
[5]. In recent years, solubility force is studied by Han et
al., [6]. Also, Hansma et al. used tapping model that in
modeling and simulation and in their case sample
excited to movement [7]. H. Korayem et al., has
analyzed the control of this nano robot in contact mode
during the manipulation [8].

Burnham et al. accessed to curves of probe coming
close to sample by using mass-spring model [9] which
had some limitations, namely unable to predict the
behavior of higher modes. The results of their
investigation in air were consistent well with the
experimental findings, but their results in liquid could
not demonstrate the unsymmetrical amplitude changes
in the tapping region. The possible reasons for this
discrepancy include an inaccurate point-mass model,
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which was discussed above, and the fact that the
hydrodynamic force exerted on a cantilever may not be
well represented by the drag force on a sphere. Basak et
al. studied modified hydrodynamic force by using three
dimensional models and then compared its results with
those of experimental works [10]. Sang and Bhushan
used Euler-Bernoulli theory and simulated AFM
cantilever dynamic by finite element method [11].
Habibnejad and Ebrahimi achieved cantilever
frequency response by Euler-Bernoulli beam model in
liquid environment and have used forward-time
simulation method [12]. Habibnejad and Damircheli
have studied cantilever frequency response by
Timoshenko beam model, and analyzed the response of
AFM in different equilibrium distances which is more
accurate than Euler Bernoulli beam [13].

The goal of this paper is studying the effect of different
geometrical and environmental factors on dynamic
behavior of atomic force microscopy. System analysis
was done, accordingly, in liquid environment through
changing different geometrical parameters such as
length, width, height of cantilever, and by changing
environmental conditions such as density and liquid
viscosity to design a cantilever, providing the best
contrast and resolution in topography and for liquid,
respectively. In this article, frequency response
diagrams are studied and the effectiveness of different
parameters in resonance frequency and stimulation
domain are presented. The results demonstrated the
effect of interaction forces in liquid environment on
dynamic behavior of atomic force microscopy. The
results indicated that geometrical parameters affect the
frequency response of the system more in a liquid
medium than in the air. Since hydrodynamic forces in
liquid environments are influenced by cantilever
dimensions, a more dimensionally appropriate
cantilever design would be necessary for these
environments.

Considering the fact that biological samples are made
of very soft and sensitive materials, the resonant
frequencies should be low and due to limited space in
liquid, the amplitude should be in a specified range in
order to prevent damages during imaging in tapping
mode. By considering the effect of geometrical
parameters on frequency response, a proper design of
cantilever for biological samples may be achieved.

2 MATHEMATICAL MODELING

2.1. Interaction forces in liquid and vacuum
environments

In order to analyze dynamically the AFM cantilever,
the forces exerted on cantilever in the mentioned
environment need to be known. These forces vary in
different distances and act as repulsion and attraction.
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Interaction forces are classified as vertical and
tangential forces, where according to DMT theory,
vertical forces are expressed as follows [14]:
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But according to HERTZ theory, tangential forces
would be as [13]:
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G is effective shear module and by above mentioned
equations, stiffness in air environment can be described
as:
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In this paper, interaction forces on cantilever in liquid
environment are a combination of normal and
tangential forces as mentioned in Eq. (1) and Eq. (2).
Meanwhile DLVO force including a set of electrostatic
repulsion forces and Van der Waals in attraction region
[15]:
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First part of the above equation describes electrostatic
force that is used for very large distances {D == &y} in

which the difference between surface potential and

surface charge is negligible, and the second part
illustrates Van der Waals force for flat surface and
spherical tip. Finally, interaction model between
spherical tip and flat surface sample has been described
as follows which is a set of DLVO and DMT forces.
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In above mentioned equations oy and o are surface

charge density of sample and tip, respectively. @, is
intermolecular distance of cantilever from sample
surface, E " is the effective elasticity, £ is the dielectric

constant of medium, &; is the vacuum permittivity,
A, is the Hamaker constant, d is the equilibrium
distance and R is the sphere radius. A, =7°C,,p,
is the potential constant of atom-atom set and P, and

P, are the number of atoms in each unit of volume

[16]. Stiffness coefficient for interaction force of
cantilever in liquid environment is described as
follows:
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When atoms are put together, at first attract each other
very weakly. This attraction increases till atoms come
close to each other in a way that their electron cloud
repulse each other electrostatically. As the distance
between two atoms is decreased, electrostatic repulsion
neutralizes the attraction forces slowly. When distance
between atoms reaches to several angstroms (as one
chemical bond), the attraction force reaches to zero.
Atoms are in contact with each other when resultant of
interaction forces is positive (repulsion). While tip of
cantilever press to sample, the proble of cantilever start
to bending rather than pushing the sample and it is due
to this fact that interaction forces curve have high slope
in contact or repulsive region in comparison to
attractive region.
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Fig.1  Force-distance diagram for interaction force

2.2. Forces resulted from liquid

When cantilever immerse in liquid environment,
hydrodynamic and squeeze exert on cantilever from the
environment. The model that is suggested to describe
hydrodynamic force is named “spheres set model”. It
means stimulation of beam gets achieved by a set of
spheres. The hydrodynamic force that is applied to a
sphere floating in a viscose fluid is obtained from the
following equation [18]:

~ R, du 2,271’,0 2R . dU
Foa = 671R (1+ 5)dt 37R . 1+ 95)dt2 )

Where U is the sphere’s movement, R sphere’s
radius, @ fluid viscosity, @ fluid angular frequency

and O penetration depth 5_ |27 .
wp

Table 1 Simulation parameters of interaction force [17]

Parameters Magnitude
Hamaker constant (Ay) 3.4e-20j
Debye length (Ap) 1 pm
Surface charge density of -0.0025 c/m?
sample (og)
Surface charge density of -0.032 ¢/m?
tip (o7)
Dielectric constant of 8.85e-12 ¢%/m?
vacuum (&)
Dielectric constant of water 80 ¢’/m?
(20)
Effective elasticity 48.7 Gpa
modulus (Eef)
Intermolecular distance 0.2E-9 m
(20)
Tip radius (R) 10e-9

The hydrodynamic force a apply on a cantilever at a
unit length is given by the sum of the forces for spheres
in a unit length.Since the number of spheres per unit
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length equals (1/b) Where b is width of the beam, then
[18]:

3 du 1
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2110, 2
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4 \l o dt (10)

Where b is the width of cantilever. According to
above equation, the hydrodynamic force is made of two
parts:

1. First part is concluded of this fact that fluid has a

motion against vibration motion of cantilever which
causes damping.

2. The second part of hydrodynamic force by
assumption of this fact that some part of fluid have
accompanied with cantilever movement and added an
additional mass to cantilever. It makes additional mass
force that is proportional to acceleration of cantilever.

When cantilever acts near to sample, squezzed film
force also is applied to cantilever. By using Reynolds
relation, Eq. (11) is derived [19].

__m® du
squeeze H (X ,t)3 dt (11)
Where 7 is viscosity of the liquid in which the
cantilever is immersed, and H(x,t) is the transient
distance between cantilever and surface.

H(x,t)=D +lcosa+(L —x)sinax+u(x,t) (12)

Where I is length of probe, D is equilibrium distance

between probe and sample surface and L is length of
cantilever.

Sample :

Fig.2  Schematic view of cantilever, tip and studied
sample
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2.3. Dynamic modeling of atomic force microscopy
cantilever within air and liquid environments

AFM cantilever moves down vertically with a small
domain 1-5nm when tip of cantilever processed sample
surface by contact method. Therefore, a linear model
could have been used to describe interaction forces
between tip and sample. As, shown in Fig. 3, AFM
cantilever is a small elastic beam with length of L and
width of b and thickness of h, which is clamped in one
end and the other end free with a conical shape tip.
Normally, cantilever makes and angle with sample
surface which has been shown by « in fg 2.

Each node of Timoshenko beam element has two
degrees of freedom that are vertical and rotational
displacements in each node. This model is accurate in
comparison to Euler Bernoulli beam model as
rotational inertia and shear deformation has been taken
into consideration as well. Timoshenko beam equation
is as follows:

oX 0

2
ai[KGA(W—¢(X,t))}—céy(,\t)('t)—pAag);’t)+fh(X,t) =0

0 ey 09X 1) NG OB 13
o (B T HKBA(E =gl )= pl =572 <0 (13)

Where K, G, A, y(xt), ¢(x,t), p,1,.E, cand f(x,t)
are the shear coefficient, shear modulus, area of cross
section, transverse deflection of beam, bending angle of
beam, mass density of beam, moment of inertia of cross
section, Young's modulus, internal damping of
cantilever and the hydrodynamic force exerted on

cantilever by the liquid environment, respectively. The
boundary conditions for this cantilever are as follows:

y(x,t)=g(x,t)=0 x=0
KA g o=k ypnyee, YED (14

o =
Bl = ot ) x=L
0X

Stiffness matrix for each element of Timoshenko beam
is as follows [13]:

. L4 L
2 2
L L2 L L?
W28 |23 75 (15)
f oL, Lo L
2 2
L L2 L L2
26 7 2 37

El

kGA
rigidity and stiffness matrix will be in the form of Euler
Bernoulli stiffness matrix. Mass matrix must be
obtained for each element that follows the first part of
the mass matrix due to shear, and the second moment
of the mass matrix for the rotational moment [13]:

In which 4= , If @ is zero it indicates shear

[m), =[mL +[m. L "

Damping matrix is as following:

Qﬂ 0 0
1
%2 0 o0 (n
CdiagonaI: Q,
0 0 % o
Q;
. 0 0 .

And finally, non-diagonal damping matrix has been
achieved as:

C =(@" ) *Ceingona (®) (18)

Final equation of limited elements is as following:
[M Ja}+fe Jup+[K = (R} .

Where {Fe}is excitation force that is entered to

cantilever; and [M] C] and [K] are mass,

damping and stiffness matrices, respectively. Acoustic
stimulation for cantilever is as follows [20]:

u(x,t)=d(x,t)+Jg () (20)

Where u(X,t)is total displacement, Q(t)is

harmonic stimulation and J is location vector of
cantilever whose quantity is one if there is a
displacement in element, otherwise, it is zero.
Harmonic stimulation is as the following:

g(t)=Asin(at) (21)

Where A is the stimulation amplitude and @ is the
stimulation frequency of cantilever. By inserting Eq.
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(21) into Eq. (19), the general equation for air and fluid
environments is as follows:

[M]d+[C]d +[K]d ={F,}-[M ]y
(22)

(M J+[M o D + (C ]+ [Cs D +[K Jd =
{Fo}=(M J+[M g4 )G = [C oy |99 23)

Where [|v| ]is the mass matrix, [C] is the damping
matrix, and [K ]is the stiffness matrix. [M 44 ] is
added matrix due to fluid and [C , ] is hydrodynamic

damping which is achieved by the following relations
[18]:

M add — padd M
PA (24)
(25)

In which Cy is the squeezed damping that is zero for
long distances and padqd is density of added mass [19]:

1 2 3 277:0qu
— 2 o b2 4> g |2
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sq E[sq pA e

(27)
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Where D is the equilibrium distance between tip and
surface. The hydrodynamic damping can be obtained as
follows:

3
Chyg =377+ Zﬂbwlzpliq no

Hydrodynamic and squeeze forces have important
effects on frequency response. Also, resonant
frequency of free cantilever could have been achieved
by the following relation in a relative accuracy [20]:

(29)
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By supposing that u =Ue'“ , the frequency response
equations is achieved as:

(K +iaC —o®M U =MJ o’ (31)
-1
FRF (@), =K +ieC -o'M | [MIo? ] @)
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—
fo fn
Holder
______ //C

Sample surface

Fig. 3  Parameters and forces on tip of the cantilever

Considering Fig. 3 and linearizing these equations in
very small domains, the following equations are
gained:

{fn =-K,A,

1Et =-K A (34)
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{An =ucosa—I10sina

A, =l8cosa+usina (35)

Where K, and g, are lateral and vertical contact

stiffnesses, respectively. Considering Fig. 3, force and
torque in the last element are as follows;

fy, =fsina+f, cosa

M, =I(f, cosa—f,sina) (36)

{ Fy } y
Ft—s :_Kt—su > :_[Kt—s]{a}
M: (37)

K cosPa+Ksine Teosasina(K,-K,)
lcosasina(K,-K,) 12(K,cos’a+K,sin’ ) (38)

By inserting Eq. (37) into Eq. (32) and (33), frequency
response function is achieved. However, frequency
response of cantilever in air is derived as:

FRF (o)), =[(K #K, ;) +idC ~o?M T[MJwZ—Kt_SJ} .

And for state of floating in liquid, considering added

mass and added damping to frequency response
function, it follows as:

FRF(0), 5 =[ (K +K,5)410(C +C)-0"(M +M )]

[(M+M )0 -1 0(C ) K, I | .

Where M and K are mass and stiffness matrices.

condition (liquid environment) [21]. Micro-cantilever
frequency response of atomic force microscopy was
achieved according to the parameters of the tables 1, 2
& 3. The effects of geometrical and environmental
parameters on frequency response in liquid
environment (water) have also been studied.

Table 2 AFM condition data, done by MATLAB software

[22]

Parameters Magnitude
Cantilever length (L) 252 um
Cantilever width (b) 35 pm
Cantilever thickness (h) 2.3 um
Cantilever mass density (p ) 2330 Kg/m?®
Water density (pwater) 1000 kg/m?
Water viscosity (Mwater) 8.54e-4kg/m.s
Effective elasticity modulus (E") 10.2 GPa
Effective shear modulus (G”) 4.2 GPa
Elasticity modulus Beam (E) 130 GPa
Poisson's ratio Beam (v) 0.28
Tip length (1) 10 pm
Tip Radius (r) 10 nm
Intermolecular distance (ag) 0.38 nm
Hamaker constant in Air (An.air) 2.96e-20J
Hamaker constant in water (Ay.w) 2.96e-19J
First and second quality factors 33.3
3" n™" quality factors 0.5

3 DYNAMIC SIMULATION RESULTS

Results of the recent studies have shown that resonance
amplitude and frequency decrease in liquid
environment, and severity of these changes increases
by considering cantilever distance from sample surface,
where it may also be in contact with the tip length. It
was also observed that nonlinear behavior of the system
is improved in liquid environment [21]. The application
of atomic force microscopy in liquid environment
needs imaging and manipulation of biologic samples.
Atomic force microscopy was changed to a necessary
device in biology, because it provides imaging and
studying mechanical characteristics of biologic samples
such as biopolymers and viruses under physiologic

Table 3 Density and viscosity of some fluids in 27°C

Fluid (kg/m.s)n p(kg/m°)
Acetone 3.08e-4 785

CCl, 8.7%-4 1590
Butanol 2.47e-3 805

3.1. Comparing diagram of frequency response in
liquid and air environments

Fig. 4(a) shows frequency response in both air and
liquid environment without applying interaction force,
and as expected, the resonance frequency in liquid
environment in comparison with air should occur in
smaller frequencies. According to the diagrams, the
resonance frequency in air is 43.7 KHz, but in liquid
environment this frequency is 18 KHz in the first mode.
As a result, in liquid environments, the resonance was
in lower frequencies and with smaller amplitude.
Frequency decrease in liquid caused by additional mass
results from liquid, and also decrease of cantilever
amplitude occurred due to the damping results from
liquid. Comparison of graph 4(a) with graph 4(b)
shows that these results have been along with those of
the previous research [23].

3.2. Effect of density on frequency response

In Fig. 5 the effect of liquid density was studied in
frequency response; as expected frequency decreased
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by increasing density that is due to increasing added
mass. In fact, increase in density causes a rise in the
added density (Eqg. (26)) and as a result mass rise
increases which decreases frequency consequently.
Figures 5(a) and 5(b) show the effect of density in
presence of interaction forces in attractive and
repulsive regions that according to expectations causes
frequency to decrease by increasing density.
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Fig. 4  Frequency response diagram without applying

interaction forces in liquid (a) air results [23],
(b) simulation results
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Fig.5  Effect of fluid density on amplitude-frequency
diagrams with Timoshenko beam model considering
interaction forces in (a) attractive region, (b) repulsive region

3.3. Effect of viscosity on frequency response

According to Egs. (28) and (29), damping of squeezed
film and hydrodynamic forces increases by increasing
viscosity, and as a result, the amplitude should be
decreased. In Fig. 6 it is observed that by dividing and
then doubling viscosity, the amplitude is increased and
decreased, respectively. But it does not have any effect
on mass, therefore, frequency remains constant and
graphs do not show any change in resonant frequencies.
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Fig. 6  Effect of fluid viscosity on amplitude-frequency
diagrams by Timoshenko beam model considering interaction
forces in (a) attractive region, (b) repulsive region
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Fig. 7 Frequency response for different liquids with
Timoshenko beam model in liquid environment in
(a) attractive area, (b) repulsion area

As have been distinguished from Figures 6(a) and 6(b),
by increasing fluid viscosity, cantilever vibrating
amplitude decreases. The reason is increase of fluid
damping coefficient along with viscosity rise. And, also
frequency is smaller in attractive region because of
lower hardness, and resonance frequency is higher due
to rising of cantilever stiffness.

3.4. Frequency response in different liquids

Figure 7 shows frequency response in different liquids
with different densities and viscosities according to
table (2). According to diagrams in liquids in which
density and viscosity increase, the viscosity leaves
more significant effect than density on changing
amplitude, and increasing viscosity causes amplitude to
decrease, but density affects frequency, and frequency
decreases while density increases.

3.5. The effect of length of cantilever

Fig. 8 shows frequency response of cantilever of
atomic force microscopy with different lengths, and it
is observed that increasing length of cantilever
decreases resonance frequency as well as the amplitude
of response; that is because of decreasing cantilever
stiffness according to Eq. (15), increasing cantilever
mass, and according to Eq. (16), increase of damping
that consequently leads to increasing added mass and
squeeze damper which cause resonance frequency and
stimulation amplitude to reduce.

i —— =200 micrometer’
52 micrometer

=++++:L=300 micrometer

Amplitude(db)

15
Frequency(Hz)

@)

—— =200 micrometer
+L=252 micrometer
-=+=+ L =300 micrometer
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15 2 25
Frequency(Hz) x10°

(b)
Fig. 8  Effect of cantilever length on frequency-amplitude
diagram with Timoshenko beam model in liquid environment
in (a) attractive area, (b) repulsive area

Figures 8(a) and 8(b) show frequency response of
cantilever in presence of interaction force which is
observed by comparing these two figures in which in
attractive area, frequency response occurred in lower
frequencies, and in repulsion area these frequencies
increased.

3.6. Effect of cantilever width

In Fig. 9 frequency response was achieved with
different widths for atomic force microscopy cantilever
in which resonance frequency decreased and
stimulation amplitude was increased by increasing
cantilever width. The reason for frequency decrease
could be found in Eq. (26) (added density), because
increasing cantilever width caused added density to
increase and this density also increases added mass,
and as a result frequency decrease was happened.

Amplitude(db)

15 2 25 3
Frequency(Hz) x10°

(@)
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= b=15micrometer

=+= b=50micrometer.
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Fig.9  Effect of cantilever width on frequency- amplitude
diagram by Timoshenko beam model in liquid environment
(a) attractive area, (b) repulsive area

In figures above, the effect of cantilever width was
studied in presence of interaction force which has been
occurred by increasing cantilever width, increasing
amplitude and decreasing frequency and also in
repulsion area it has been increased more because of
different force formula in these two areas.
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35 g
Frequency(Hz)

@

----- h=1.15 micrometer|
=+~ h=2.3 micrometer
—— h=4.6 micrometer

Amplitude(db)

2 25 3
Frequency(Hz) x10°

(b)

Fig. 10 Cantilever height effect on amplitude-frequency
diagrams with Timoshenko beam model by considering
interaction forces on frequency in (a) attractive area, (b)

repulsive area

3.7. Effect of cantilever height

In Fig. 10 the effect of cantilever height was studied,
revealing that increasing cantilever height caused
stimulation amplitude and frequency to increase.
Moreover, sever effect of cantilever height is obvious
in diagrams in which it was decreased strongly by
height decrease of the second intensification frequency
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and this reduction is more than that of the first mode
frequency. Therefore, frequency changes in above
modes are more sensible. This frequency and amplitude
stimulation increase is due to increasing cantilever
cross section that consequently leaves opposite effect
on mass and added damper relations which causes them
to reduce (Egs. (24) and (25)). Above mentioned
figures show cantilever height effect in attractive and
repulsion areas in which a rise in cantilever height
caused frequency and stimulation amplitude to
increase. Also, because of force, stimulation amplitude
in zero frequency excitation does not start from zero.

3.8. Comparing attractive and repulsion areas
Frequency response was obtained and compared in
both liquid and gas environments in Fig. 11, and as it is
clear from diagrams, due to more hardness in repulsion
area, resonance frequency in this area moved to higher
frequencies, while it is lower in attractive area. This
matter is completely observable in liquid environment
but in gas, the first frequency in attractive area moved
to resonance frequencies lower than zero. Resonance
frequency in the first mode in liquid environment and
in attractive area is 50 kHz and in repulsion area, it is
55 kHz and in the second mode they are 80 and 125
kHz in attractive and repulsive areas, respectively.

== Liquid-Attractive
it — Liquid-repulsive
i Air-epilsive
il === Air-Atiractive

Amplitude(db)

’ ‘ ’ F:equency(}-;nz) ! x10°

Fig. 11 The frequency response of both air and liquid

environments by considering the interactions force of
attraction and repulsion area

v (TM) LIH=5
—(EB) LIH=5
——(TM) LIH=6

——(TM) LH=8
——(EB) L/H=8

=

Amplitude(db)

2 4 10 12 14

’ Frequency(}jz) x10°
Fig. 12 Comparing frequency response of Euler-Bernoulli
and Timoshenko methods [22]
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3.9. Comparison of Euler-Bernoulli and
Timoshenko methods

And finally, in order to determine the significance and
accuracy of the Timoshenko beam model in
comparison to Euler-Bernoulli model, the frequency
responses of the system for both mentioned models
have been investigated by keeping the cantilever length
constant and increasing the cantilever thickness. Fig. 12
indicates that by decreasing the length-to-thickness
ratio of the cantilever, the difference between the two
models becomes so pronounced; and this is another
reason for using Timoshenko beam model in the
simulations that consider the effects of rotational inertia
and shear deformation, especially when using short
cantilevers.

environment was less than in air, and this contributes to
avoid damaging gentle biology cells while imaging in
liquid.

As a result, by using Timoshenko model, rotational
momentum inertia and shear deformation were
considered in simulation. In order to increase imaging
speed, very useful in studying biologic substances, it
seemed necessary to use short beams making it
inevitable to use Timoshenko beam model for the
accuracy to be improved.
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