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ABSTRACT: Atomic Force Microscopy (AFM) is one of the principal tools in nanotechnology, with
extensive applications in biological, medical, and materials engineering fields. Using AFM enables
precise investigation of mechanical properties of biological structures. In this study, the manipulation
process of biological nanoparticles during the initial motion phase was investigated through a
combination of numerical analysis and experimental testing using an (AFM). The main objective was to
examine the effect of cantilever and tip geometric parameters on the critical time of the first phase and

to develop an accurate predictive model. The geometric parameters including height, thickness, length,  Keywords:

and width along with the particle radius were considered as influencing factors. A regression model was i i o o
derived based on the effect of these parameters on critical time. Statistical analysis of the proposed model
demonstrated a high level of accuracy and reliability, with a coefficient of determination (R?) of 95.10%,

showing full agreement with the experimental results. Furthermore, contour plots were employed to

Multivariate Regression Model

Three-dimensional Manipulation
model system behavior under combined variable variations. The results revealed that increasing tip ~Experimental Design
height and particle radius leads to a longer critical time. Additionally, the variation diagram of the

manipulation force indicated that the total force applied to the particle increases continuously up to

Atomic Force Microscope

approximately 60 milliseconds before reaching a steady state. This point corresponds to critical force

threshold, confirming validity of the proposed regression model.

1- Introduction

By the expanding applications of nano- and micro-
technologies in fields such as bioengineering, micro robotics,
nanofabrication, and laboratory diagnostics, the need for
precise control of objects at extremely small scales is
increasing day by day. Since the atomic force microscope
(AFM) introduction by Binnig et al.[1] , it has become an
essential tool for studying mechanical interactions, surface
adhesion, and nanoparticle transport in various scientific and
engineering fields. Understanding and predicting the critical
time in the initial phase of manipulation requires an accurate
knowledge of the interactions among multiple parameters,
including the geometric characteristics of the cantilever,
physical properties of the particle, surface conditions of the
substrate, and the tip-particle contact properties. Given the
complexity of these interactions, traditional experimental
methods for independently analyzing each parameter face
significant limitations. In this study, aiming to accurately
determine the critical time at the onset of three-dimensional
particle manipulation, an analytical framework based on
experimental design has been developed. Key influential

*Corresponding author’s email: e-mansouri@araku.ac.ir

parameters, including the thickness and dimensions of the
AFM cantilever, particle radius, substrate height, and contact
characteristics, have been incorporated into the simulation
model. The results of this research can be widely applied
in optimizing the manipulation path and force, as well as
in enhancing the precision of controlled systems at the
nanoscale.

2- Methods and materials
2- 1- Nano manipulation

In this study, nanoparticle manipulation experiments were
conducted using an ICON model Atomic Force Microscope
operating in contact mode, which allows simultaneous
imaging and force application at the nanometer scale.
The cantilever used in the experiments had a rectangular
geometry with a pyramidal tip. Its geometric dimensions
were 250 pm in length, 50 pm in width, and 2 um in
thickness. The pyramidal tip had a height of 40 pm and a
tip radius of 50 nm. The effective spring constant of the
cantilever was measured in the range of 0.04-0.07 N/m.
The corresponding microscopic image of the AFM setup is
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Fig. 1. Schematic representation of the nanoparticle
manipulation process and the Atomic Force Microscope
(AFM).

presented in Figure 1(b). All experiments were conducted
under controlled environmental conditions of temperature
and humidity to minimize mechanical and thermal noise.
The experimental procedure consisted of several stages:
preparation and culturing of the cells, fixation of the cells
on the substrate, localization of the target cells using AFM
imaging, and execution of the manipulation process. During
manipulation, the force—displacement data were recorded in
real time and subsequently analyzed numerically. The overall
process followed a stepwise procedure: cell preparation and
fixation, imaging and localization, manipulation execution,
and finally, data extraction and analysis. The manipulation
process generally occurs in two main phases. The first phase
involves the initial contact and the onset of particle motion.
This phase is particularly critical since accurate adjustment of
the applied force and timing determines the success or failure
of the manipulation. Two key parameters govern this stage:
the critical force and the critical time. Accurate determination
of the critical time requires a deep understanding of the
factors influencing the interaction between the AFM tip and
the nanoparticle, including the mechanical properties of the
cantilever, the surface characteristics of the substrate, the
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geometric features of the particle, and the contact conditions.
The overall structure of the experimental procedure is
illustrated in Figure 1.

2- 2- Design of experiments

In this section, to evaluate the influence of geometric
parameters on the temporal response of the system under
applied force, a series of AFM-based manipulation
experiments were conducted. In total, 27 experiments
were carried out using all possible combinations of these
parameters. For each experiment, the critical manipulation
time in the first phase (T) was recorded in milliseconds as
the output variable. Using the collected data, a multiple
regression model was extracted. The regression model
included five independent variables: particle radius (Rp), tip
height (H), cantilever length (L), cantilever width (W), and
cantilever thickness (T).

The resulting regression equation was obtained as follows:

Ter =51.2+0.2178Rp + 7.194H +1.111L — 4.0903W —170.6T (1)

The regression analysis indicated that the proposed model
achieved a high coefficient of determination (95.10%),
demonstrating that all input variables had statistically
significant effects on the response variable (T).

3- Results and Discussion

This section presents an analysis of contour plots
illustrating the influence of geometrical parameters such as
tip height (H), tip length (L), particle radius (Rp), tip width
(W), and thickness (T) on the critical manipulation time
(Ter) has shown on figure 2. The results indicate that higher
values of H and Rp lead to increased Tcr, likely due to a larger
effective contact area and stronger interaction forces.

4- Conclusions

Atomic Force Microscopy (AFM) is recognized as
main This technique enables researchers to examine the
physical and mechanical behavior of nanoparticles, cells,
and biological structures at the molecular level. Thanks to
its ability to precisely apply and measure force, AFM has
become an effective tool for determining parameters such as
stiffness, surface adhesion, and elastic deformation. Among
these applications, identifying and modeling the critical time
required to initiate manipulation plays a crucial role in better
understanding surface interactions and optimizing the design
of nanoscale instruments.

Table 1. Model Summary

S R-sq
12.6475

R-sq(adj)
93.93%

R-sq(pred)
90.63%

95.10%
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In this study, a design of experiments (DOE) approach
was employed to investigate the critical time required for
three-dimensional nanoparticle manipulation and to identify
the key parameters affecting it. The main objective was to
develop a regression model for predicting the critical time in
the X and Y directions and to perform a sensitivity analysis
with respect to five key geometric parameters: particle
radius (Rp), cantilever thickness (T), cantilever length (L),
cantilever width (W), and tip height (H). To this end, a total of
27 systematically designed experiments were conducted. The
statistical analyses revealed the following key observations:
Geometrical parameters such as particle radius (Rp) and tip
height (H) had the greatest influence on increasing the critical

Contour Plot of Tcrvs Rp, H
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time. This increase is likely due to the enhanced mechanical
. . (a)
contact between the AFM tip and the nanoparticle.
The tip thickness (T) showed an inverse effect: a decrease Contour Plot of Tervs W, T

in thickness led to an increase in critical time, possibly due to
higher flexibility and more effective contact.

Interaction effects among variables were clearly observed
in contour plots. For instance, in the plot of critical time versus
H and Rp, regions with the highest critical time corresponded
to higher values of both parameters. The agreement of
this behavior with contour data and the regression model
demonstrates that the experimental design approach for
predicting the critical time is reliable.

For future research, it is recommended that environmental
factors including temperature, humidity, and substrate type
be incorporated into the model to enhance its predictive T
accuracy under real operational conditions. (b)
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Fig. 1. Schematic representation of the nanoparticle manipulation process and the Atomic Force Microscope (AFM).
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Table 1. Design of Experiments for Parameters Influencing the Critical Time.
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Table 2. Coefficients and Parameter Effects.
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Table 3. Model Reliability Assessment.

sbxo Syl O o g

Sl by Ar (s g b

\YIPFYO JAVAR

7.ay/ay 1.8y

Cowl odalie PBY IS5 ‘_'j s g ol

Lol 0145 o) Lmo.)JLou_g‘.g 09 JLo); =y )Qlamdu J‘—Y)l.)?o.}
2355 31 b Woile 3l 45 sm oo s (o yhab Las slael 5 blis zyjg5
ISl el gl (pl 5> dal xS (oo S9pm Jloy
) Iy sl S9ome &y sla o Sgg il 45 il S alols b
Y g 5 3y g oy e il &S s (508 ncdl oo
S o) (Gl e (old o p3lie 4 Connd bnoile B
GShbl o bla asuie o5 ob 5 (Bolal (SuSTy lodd pu,
Cand uibyly Ken (58 5| e a5 ol o] (gomimd L ¢ 88l 9>
4 bgrpe) Y go1d b3l lade b 4l )3 o3l g0 galas Lo S 0
ol Gy (50013 G 2939 51 (Sl (A ojlosds gosaliie

T osei ly Jae slallss b i Bosla Bl plS st
Syl ilcate b e sbosle Bl 4SSl b oamd o Gisles
sl ¢pplie U @jg8 ySle (172 B =Ve () (655 50 s03l )3 polie

cbodly ly Jao wiie 2Ulg 55 A5 5 Canla pize il )
oobie 4 o aosilogdly 5 il 8ol jlade .S o Aol 1) as
Gl 2925 oodls b e Cunlio Bllail (gosind )lis g 00gs oS Waosld
ol OlysS 53 it it y &8 ) lko (300 F (i)l Jelow g
L;clojdl).gp<'/"\ &ﬁ)wﬁél&oﬁ@w)))d)lﬁjngb)”)
513 Joline 5T gl )3, 2 Jolge ) 1Sy oS A3 o i o sy
5 Jde oS ol o GbsS 5 S Jse sl (F-Value= MV/aY ) i
3o b pite oo abaly g (Bolad Jleis! g o3¢ 45 dme (g)lol s
Ll
(F= e /a¥) e o sVL L(T) Sy cuolbes yiolb das puiiio oy 9
b oS b ggdge cnl ) e olo s )3 ) e i
SRl ey 15 ol al 85 ol ISl 55 (et il 9

DB b3 2)0 1y (g )Sy Jae il g 56T 51 eolizal L ashsl )

AYA



Residual

Residual

AA B AP doxiuo AFF Lo Y oylad DY 093 puiS pual CSlSlo (sties & it

b)ly Jaosi F g

Table 4. Analysis of Variance (ANOVA).
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Fig. 2. Residuals Scatter Analysis Plots.
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Fig. 3. Manipulation Force Profiles in Different Directions
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Fig. 4. Diagram of the influence of parameters on critical time.
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Table 5. Comparison of Experimental Results and Regression Model Equation.
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Fig. 5. Statistical Validation Plot.
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