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Contact mechanics model, Nano manipulation and displacement of micro/nanoparticles has found wide applications in
Viscoelastic, various sciences today. One of the basic tools for performing the Nano manipulation process is
First phase & second phase of the atomic force microscope. Today, the atomic force microscope has found various applications,
Nano manipulation, including surface imaging, manipulation and movement of particles, extracting the properties of
Nano Biological particles, materials and textures. The manipulation of nanoparticles usually involves two phases. The first
Sensitivity analysis. phase includes the extraction of the critical force and the critical time before the start of the particle

movement. The second phase also includes the investigation of particles during movement during
Nano manipulation and displacement. Due to the fact that in micro/Nano dimensions, surface
forces are more effective than volume forces, so it is very important to choose the appropriate
contact model in modeling and simulating the Nano manipulation process. Various parameters
affect contact models on the micro/Nano scale. In this research, the effect of different parameters
on Hertz, JKR and DMT contact models has been investigated. For this purpose, in order to
investigate the effect of different input parameters, the statistical method of sensitivity analysis
called E-fast, which is one of the fast methods, has been used. The input parameters examined in
this research include tip radius, volume of the particle, elastic modulus of the tip, elastic modulus
of the particle, Poisson's coefficient of the tip and Poisson's coefficient of the particle, as well as
penetration depth and force, which are explained as output parameters. The obtained results show
that the volume of the target particles and the tip radius have a great influence on the force and
depth of penetration in the contact models.

Extended Abstract

1. Introduction

applications in various sciences, for the purpose of making equipment on small scales, investigating the

topology of surfaces, conducting research in biological fields, etc. Bio manipulation is a method of using
nanoscale manipulation to move biological materials. In a more precise sense, it can be stated that it refers to
contact manipulation, which is the commonly accepted method of sperm intracytoplasmic injection and DNA
perinuclear injection. Investigating biological cells in the manipulation process has become important because this
type of cell has viscoelastic, spring, and damping properties at the same time. Based on this and in order to model
nanoparticles more accurately, it will be important to use a suitable contact model.

T oday, Nano manipulation and transfer of nanoparticles has found various, diverse and extensive
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In another review, Habib nejad and his colleagues [1] have analyzed the JKR contact model on the cell in
liquid space. The interaction force and adhesion energy have been extracted and added to the equations.

In addition, to analyze the sensitivity of the contact models, Habib Nejad Korayem and his colleagues [2] have
investigated the dependence of adhesion energy parameters, elasticity modulus, Poisson's ratio, and particle radius
in the manipulation of biological cells. In the following investigations of contact models for biological cells,
Habibnejad and Rastgar [3] used Tatara's large deformation contact model and compared the results obtained from
the new model with small deformation contact models. With the aim of developing contact models, Korayem and
his colleagues [4] have modeled contact theories of cylindrical type and chamfered cylinders based on the theories
of Lundberg, Dawson, Nikpour, Hoprich and Hertz for the manipulation of biological nanoparticles. In addition,
the Hertz contact model for gold nanoparticles and DNA with spherical, cylindrical, and tapered cylindrical
geometries has been simulated and analyzed.

Hui and Benny [5] presented the JKR model for viscoelastic spheres with the aim of showing nonlinear time-
dependent mechanical properties for active processes in the cell. The results of this development have shown that
determining the surface energy of the material using this theory has problems and alternative methods should be
used to determine the adhesion properties.

Chaudhary et al. [6], in research, have expanded the JKR model for contact conditions, including the adhesive
contact of an elastic cylinder on a flat and smooth surface.

Focusing on the important role of biological cells, Resch et al. [7] for the first time investigated the precise
manipulation of gold nanoparticles on silicon substrate in a liquid environment.

Chu et al. [8] have investigated the JKR contact theory in the manipulation of living cells in research. The
obtained results have stated that this theory will be suitable for strong adhesion energy of soft and slightly
deformable materials.

In another research, McNamee et al. [9] have investigated the factors affecting the adhesion resistance between
living cells and colloid tips.

In the research conducted by Korayem and Gramizadeh [10], they analyzed and simulated DNA cells and yeast
cells on the silicon-based surface and the biological liquid environment.

Korayem and his colleagues [11] have studied the sensitivity analysis of the effect of different parameters on
the amount of critical time force of two-dimensional manipulation of cylindrical nanoparticles.

In another study conducted by Korayem and his colleagues [12], the effect of different parameters of the
cantilever on the force and critical time of manipulation was studied using the Sobel method, and the results were
compared with the existing results for rectangular cantilevers and the accuracy of the results was checked

According to the importance of determining the movement modes and the precise position of a particle during
the manipulation process, Baghche Saraei and Korayem [13] have investigated the dynamic behaviors and
movement modes of biological particles such as DNA, yeast, platelets, and bacteria in the 3D manipulation
process.

The effect of nanoparticle geometry and material on contact mechanics in AFM-based manipulation has been
studied by Korayem and his colleagues [14]. In this research, to investigate the effect of geometry, the Hertz
contact model was used for EPH bio-particles with spherical, cylindrical, and beveled cylindrical shapes. Also, the
simulations of two spherical cells, EPH and C3T3, have been compared.

In another work, Korayem and his colleagues [15] developed and modeled elastoplastic contact theories for
soft spherical Nano bacteria in order to manipulate various biological nanoparticles. For the first time, korayem
and his colleagues [16] have investigated the three-dimensional modeling and simulation of spherical bio-particles
in the air environment by considering contact mechanics.

In this research, the models of contact mechanics, the first and second phase of nanoparticle manipulation, in
liquid and air environments on the rough surface have been theoretically modeled and analyzed by E-fast statistical
method.
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The main goal of this research is to investigate the behavior of the presented models for nanoparticles in the
field of contact mechanics with the E-fast statistical method of sensitivity analysis. This causes appropriate models
to be selected according to the geometry, material of the nanoparticle and the environment in which the
manipulation takes place.

2. Modeling and formulation

One of the main parts of nanoscale research is contact Nano mechanics. Contact mechanics is the science of
contact and collision of various objects with each other and their investigation in different states. The contact
phenomenon plays a key role in the analysis of adhesion, indentation depth and deformation of the sample surface.
Penetration depth, contact radius, speed of penetration depth, duration of contact, pressure profile and force profile
are among the most important parameters that are investigated in contact mechanics. Meanwhile, penetration depth
and contact radius play the most important role in the use of contact mechanics in manipulation. According to the
geometry of the sample, various theories have been presented in the field of contact mechanics.

2.1 Hertz contact model

Hertz contact equations are obtained as follows.

F(adh)Hertz =0 @)
R,PN3
AHertz = ( 1;{ ) @
2
a
Otertz = I;;th 3)

D

3. JKR contact model

One of the more advanced models of contact mechanics is the JKR model. In this theory, a strong adhesion
force is assumed at the equilibrium distance z, for all distances greater than z, , negligible reaction forces,
attraction forces only inside the contact surface and adhesion forces cover infinitely close distances. This theory
is expressed in equations 4 to 6.

3
Flaanyjkr = — EFVR 4)

5= aJZI(R _ 8T yakp (5)
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3.1 DMT contact model

DMT theory is presented based on a model by Derjaguin, Toporov and Muller [17]. This theory includes the
adhesion forces outside the contact surface by considering the gravitational forces in the far field. The equations
of adhesion force and contact surface of DMT theory are as follows:

Faanypmur = —2myR 0]
2
5 = bur ®)
R
a _ R (F - F(adh)DMT) 13 (9)
DMT K

In this part, experimental and numerical simulations of the three mentioned contact models have been
investigated for the purpose of verification. The results of this comparison can be seen in Figure 1. According to
the picture, it can be stated that this path predicted by the developed viscoelastic theory is largely consistent with
the experimental data.
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Figure 1. Parametric modeling of viscoelastic contact mechanics models and validation of results with numerical model

4. Results

4.1 Hertz contact model

Figure 2 shows the effect of different parameters on penetration depth in the Hertz contact model. According
to Figure 2-a and Figure 2-b, with increasing tip radius and increasing particle volume, we will see a relatively
large decrease in penetration depth. Figure 2-c shows the relative increase in the depth of penetration with the
increase in the elastic modulus of the cell and Figure 2-d shows the lower increase in the depth of penetration with
the increase in the elasticity modulus of the particle. According to figures 2-e and 2-f, the Poisson's ratio of the tip

and the Poisson's ratio of the particle will not have much effect on the penetration depth.
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Figure 2. The effect of different parameters on penetration depth in Hertz contact model
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Figure 2. The effect of different parameters on penetration depth in Hertz contact model (continued)
Figure 2-g shows the effect percentage of the six investigated parameters on the depth of penetration, according

to the results of the sensitivity analysis investigated by the E-fast method. In this figure, the particle volume with

49% influence and the tip radius with 29% influence are the most important parameters affecting the penetration

depth.

Figure 3 shows the effect of different parameters on force in the Hertz contact model. According to Figure 3-
a and Figure 3-b, increasing the tip radius, increasing the particle volume will result in a relatively large decrease
in force. Figure 3-c shows the relative increase in force with the increase in the elastic modulus of the cell, and in
Figure 13-d, the smaller increase in force with the increase in the particle's modulus of elasticity is shown. Figures
3-e and 16-f also show that the Poisson coefficients of the tip and the particle will have a very small effect on the

force. Figure 3-g shows the effect percentage of the six investigated parameters quantitatively on the force, using

the statistical method. The results of this figure indicate that the particle volume with 51% effectiveness and the

tip radius with 28% effectiveness will be very effective parameters for the force.
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Figure 3. Effect of different parameters on force in Hertz contact model (Figure continues on next page)
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Figure 3. Effect of different parameters on force in Hertz contact model (continued)
1.1. JKR contact model

Figure 4 shows the effect of different parameters on penetration depth in the JKR contact model. According to
Figure 4-a, with the increase of the tip radius, we will see a relatively large decrease in the depth of penetration.
Figure 4-b shows a great decrease in penetration depth with increasing particle volume. Figure 4-c shows the
relative increase in the penetration depth with the increase in the elastic modulus of the cell and Figure 4-d shows
a less increase in the penetration depth with the increase in the elasticity modulus of the particle. According to
Figures 4-e and 4-f, the Poisson's coefficient of the tip and the Poisson's coefficient of the particle will not have
much effect on the penetration depth. It can be seen in Figure 4-g that the particle volume with 46% influence and
the tip radius with 27% influence are the effective parameters on penetration depth.
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Figure 4. The effect of different parameters on penetration depth in JKR contact model
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Figure 5 also shows the effect of different parameters on the force in the JKR contact model. According to
Figure 5-a and Figure 5-b, increasing the tip radius and the volume of the particle will result in a relatively large
decrease in force. Figure 5-c shows the relative increase in force with the increase of the elastic modulus of the
cell, and in Figure 5-d, the smaller increase in force with the increase of a particle's modulus of elasticity is shown.
Diagrams 5-e and 18-f also show that the Poisson coefficients of the tip and the particle will have a very small
effect on the force. The results of Figure 5-g show that particle volume with 48% effectiveness and the tip radius

with 26% effectiveness are very effective and sensitive parameters for force.
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Figure 5. Effect of different parameters on force in JKR contact model (Figure continues on next page)
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Figure 5. Effect of different parameters on force in JKR contact model (continued)

DMT contact model

The effect of different parameters on penetration depth is shown in the DMT contact model in Figure 6. Based
on graphs (a) and (b), with the increase of the tip radius and particle volume, we will see a relatively large decrease
in penetration depth. Figure (c) shows the relative increase in the depth of penetration with the increase in the
elastic modulus of the cell. Also, figure (d) shows the slight increase in the depth of penetration because of the
increase in the modulus of elasticity of the particle. According to figures (e) and (f), it can be stated that the
Poisson's ratio of the tip and the Poisson's ratio of the particle will not have much effect on the penetration depth.
In the graphic diagram (g), it can be seen that the particle volume with 42% influence and the tip radius with 32%
influence are the effective parameters for the penetration depth.
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Figure 6. The effect of different parameters on penetration depth in DMT contact model (Figure continues on next page)
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Figure 6. The effect of different parameters on penetration depth in DMT contact model (continued)

The effect of different parameters on the force in the DMT contact model is shown in Figure 7. According to
diagram (a), increasing the tip radius will result in a relatively large decrease in force. It can also be seen in the
diagram (b) that the increase in the particle volume is accompanied by a large decrease in force. The relative
increase of the force with the increase of the elastic modulus of the cell and the increase of the elastic modulus of
the particle are shown in graphs (c) and (d), respectively. Based on the graphs (e) and (f), it can be stated that the
Poisson coefficients of the tip and the particle will have a very small effect on the force. Figure 20-g also shows
the effect percentage of the six investigated parameters on the depth of penetration according to the results of the
sensitivity analysis investigated by the E-fast method. In this figure, particle volume with 42% influence and the
tip radius with 32% influence are effective parameters for penetration depth. By looking at figure 20-z, it can be
stated that the particle volume with 44% effect and the tip radius with 31% effect are very effective parameters for
force.
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Figure 7. Effect of different parameters on force in DMT contact model (Figure continues on next page)
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Figure 7. Effect of different parameters on force in DMT contact model (continued)
. Conclusion

In this research, contact models including Hertz, JKR and DMT models in liquid environments have been
investigated and developed. In the last part of this research, the influence of different inputs on the intended outputs
has been investigated qualitatively. It is necessary to state that all validation of this research has been done using
sensitivity analysis using the E-fast method. With the aim of analyzing the contact models, the effect of the input
parameters, which are tip radius, particle volume, elasticity modulus of the tip, elasticity modulus of the particle,
Poisson's ratio of the tip, and Poisson's ratio of the particle, of the Nano manipulation process on two output
parameters force, and depth of penetration has been researched.
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The summary of the results obtained from this research is as follows:

1. The particle volume is a sensitive parameter affecting the depth of penetration and force with 49 and 51%
effectiveness respectively in the Hertz model.

2. The particle volume is a sensitive parameter affecting the depth of penetration and power in the JKR model
at 46 and 48%, respectively.

3. The particle volume is a sensitive parameter affecting the penetration depth and power in the DMT model
with 42 and 44% effectiveness, respectively.

In order to realize productivity and develop the process of Nano manipulation, other contact models,
dimensional parameters and environmental parameters, sensitivity analysis with other statistical methods and
investigation of different shapes of nanoparticles are recommended.

Mechanics of Advanced and Smart Materials Journal 4(1) (2024) 86 — 121
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