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1. Introdution

Atomic force microscopy tools are used to manipulate
nanoparticles, measure the mechanical properties of
objects, and image nanoscale surfaces. Due to the
increased surface area-to-volume ratio in the nanoworld,
various friction models have been presented in the process
of nanomanipulation to describe the real motion
conditions in the nanoworld to the macro world. Critical
forces and times for various nanoparticle manipulations
must be calculated so as not to damage the nanoparticles
under study, especially bioparticles. An excessive increase
in the critical force causes severe damage to the target
nanoparticles. Calculating the critical time accurately is
important as the particles stick to the basal plane and are
not manipulated before the critical time is reached, and the
manipulation of the particles occurs after the critical time.
If the critical time calculation is incorrect, the particles
will not reach or pass the target point. According to the
research done in the past, one can say that different friction
models, including HK friction model, have been used to
simulate the manipulation of different nanoparticles to
achieve critical force and time. The innovation of the
research compared to other studies lies in the investigation
of the impact of the input parameters of HK friction model
on the reduction of the critical force and the increase of
the critical time in moving gold nanoparticles.

2. HK friction model

In general, different friction models such as Coulomb and
HK are defined for different situations. In this study, the
HK friction model was preferred because it closely
resembles Coulomb model. Moreover, this model is even
more accurate than Coulomb model at the nanoscale.
According to Figure 1, Hurtado and Kim present a
micromechanical displacement model of frictional sliding
between two protrusions and state that if the contact radius
is smaller than a critical value, the frictional stress remains
constant. Beyond this critical value, the frictional stress
decreases with increasing contact radius until a quadratic

transition occurs.
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Figure 1. The relation between dimensionless friction stress and
dimensionless contact radius in HK friction model

3. Experiment design by Taguchi method

Experiments are designed to achieve the optimal number
of experiments with the aim of saving money and time.
Among the design of experiments, Taguchi method and
the response surface method can be mentioned. Parameter
level design determines the best performance of the
product or process in quetion. In this method, the loss
function can effectively improve the effectiveness of the
process and achieve a high quality process from the point
of view of parameter design. In this study, Taguchi
method experiment design and input parameter
optimization of HK model manipulating gold
nanoparticles were performed using Minitab software
version 21.1 to optimize the number of tests.

4. Results

Analysis can be performed using two analysis methods,
variance and signal-to-noise ratio analysis, to identify
optimal values for effective parameters and levels. Data
analysis for this study was done using the signal-to-noise
method. In this section, the impacts of the input
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parameters, ffl ' T, B and M of HK model on the output

force and critical time characteristics are thoroughly
investigated using Taguchi signal-to-noise diagrams.

In Taguchi method, the signal-to-noise ratio is used in
order to determine the levels of tests assuming the highest
or lowest performance for the test variables. The loss
function for the critical force is chosen as the less the
better and is calculated as the logarithmic transformation
of the loss function according to Equation 1;

1 n
n;j = —10log (Ez yf) )

i=1

One of the parameters that affects the critical force

reduction in HK model of nanoparticle manipulation is
parameter B. According to Figure 2, Level 3, followed by
Level 2, had the greatest impact on critical force
reduction. It can also be seen that the critical force
decreases significantly as the value of parameter B
increases. Depending on the reduction slope and the
required level, it can be ssen that the value of this
parameter at Level 3 is the most effective factor in
reducing the critical force.
One of the effective parameters on increasing the critical
time in HK model for manipulation nanoparticles is
parameter B. According to Figure 2-B, Level 3 and then
Level 2 have the greatest impact on increasing the critical
time. Increasing the value of parameter B causes a
significant increase in the critical time. According to the
slope of the graph and the available levels, it is concluded
that the value of this parameter at level 3 is the most
effective factor on the critical time.

5. Conclusion

The manipulation of gold nanoparticles based on atomic
force microscopy using HK friction model based on real
contact surfaces was investigated. To move, gold particles
with a radius (Rp) of 50 nm were propelled at a constant
velocity onto a silicon oxide substrate. The main purpose
of this work was to study the impacts of the input
parameters of HK friction model on the critical force
reduction and critical time increase when manipulating
gold nanoparticles. To achieve optimal levels for each
input parameter of HK friction model, Taguchi test design
method was used and the signal-to-noise method was used

to analyze the results. The following results were observed
for critical force: The first effective parameter on
reducing the critical force is parameter B. Level 3 with a
value of -1.869 and then level 2 with a value of 2.337 had
the greatest impact on reducing the critical force.

The impact of input parameters on increasing critical time
results in: Parameter B is the most effective input
parameter for increasing the critical time in HKA friction
model. Level 3 with a number of -1.869, followed by
Level 2 with a number of -2.337, had the greatest impact
on increasing critical time. The second valid parameter for
increasing the critical time is the level 3 M parameter,
which has a numerical value of -0.341.
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Figure 2. Influence diagram of the studied parameters on force
and critical time
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Investigating the Effect of HK Friction Model Input Parameters on the Force and Critical Time in
Gold Nanoparticle Manipulation

Moein Taheri Hamed Faraji

Abstract In the macro scale, surface forces such as friction and adhesion are of little importance and can be ignored.
But in the micro/nano world, these forces are of great importance. For this purpose, in order to simulate the manipulation
of nanoparticles based on the atomic force microscope, various friction models can be used, including the HK friction
model. Accurate calculation of force and critical time, respectively, in order not to damage the particle and to reach the
target point in the manipulation process is important and necessary. In this research, data were collected using the
Taguchi test design method in three levels. The amount of force and critical time were calculated for each test. Then, with
the help of analysis using the signal-to-noise ratio method, to investigate the effect of the input parameters of the HK
friction model including, 7, , 7, ,B and M The reduction of the critical force and the increase of the critical time in

mamipulation the gold nanopatrticle with a radius of 50 nm on the silicon oxide substrate have been discussed. Based on
the obtained results, parameter B as the first parameter and M as the second parameter with the lowest signal-to-noise
ratio on reducing the critical force and with the highest signal-to-noise ratio at the critical time at level 3 with values of
-1.869 and -0.3419.

Key Words Gold nanoparticles, HK Friction model, Nanomanipulation, Critical force and time, Atomic Force
Microscopy.
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