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Recent advances in nanotechnology have highlighted the need for accurate and stable methods for
manipulating biological and non-biological particles. Among the available techniques, atomic
force microscopy (AFM) is considered a key tool due to its high capability in establishing
controlled contact and measuring extremely small displacements. Nevertheless, maintaining stable
contact between the AFM tip and the particle while preventing undesired slip—particularly when
dealing with complex geometries—remains a significant challenge. In this study, a dynamic
modeling framework combined with a sliding mode control strategy is proposed to enhance AFM
performance during the manipulation process. Simulation results demonstrate that the designed
controller can maintain both the position and orientation of the AFM tip with high precision. An
investigation of three particle geometries, namely spherical, cylindrical, and chamfered cylindrical
particles, revealed that slip increases as surface complexity becomes greater. Slip was uniformly
quantified in this work based on a sliding surface criterion, indicating that spherical particles
exhibit the lowest slip (3.4%), whereas chamfered cylindrical particles show the highest slip
(4.8%). Furthermore, a comparison among three cantilever configurations showed that the V-
shaped cantilever provides the best performance, exhibiting the lowest slip (2.1%) along with a
substantial reduction in angular oscillations. These findings indicate that the integration of
accurate dynamic modeling with sliding mode control offers an effective solution for advancing
AFM-based manipulation systems and expanding their applications in biological sciences and
tissue engineering.

Extended Abstract

1. Introduction

manipulating particles at the micro- and nanoscale. The atomic force microscope (AFM), due to its ability

R ecent advances in nanotechnology have increased the demand for precise and reliable methods for

to establish controlled contact with particles and to record extremely small displacements, is recognized
as one of the primary tools in this field. However, ensuring stable contact between the probe tip and the particles,
especially in biological environments and liquids with varying properties, remains a major challenge. In the study
by Mohammadi et al., considering the importance of dynamic modeling for the displacement of biological
particles, manipulation in liquid environments was investigated. By optimizing the nanoneedle length and
accounting for bending, stress analysis, the JKR theory, and liquid forces, the critical slip conditions were
simulated and compared with previous results [1].
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In another work, Korayem et a. [2] performed dynamic simulations to determine the critical force and time of
motion for gold nanoparticles, yeast, and platelets in different environments. Vertical positioning control and
continuous probe—particle contact were also addressed in their study.

In this research, an algorithm based on a combination of sliding mode control and backstepping was introduced to
suppress chaotic behavior in AFM systems. Simulation results demonstrated its effectiveness in stabilizing
unstable orbits and eliminating chaotic motion in various AFM modes.

By growing importance of nanomanipulation in confined environments, Korayem and Esmailzadeh [4]
reformulated and analyzed an AFM model considering different types of probes. Their simulations showed that a
neural network-based sliding mode control approach, with parameter optimization, reduced rise time and
minimized overshoot. In another work, Korayem et al. [5] applied an adaptive fuzzy sliding mode control
(AFSMC) strategy to regulate nanomanipulation in three aspects: probe—surface distance, substrate, and AFM
probe. Comparative results with earlier methods confirmed the high accuracy of the proposed approach, and
differences in overshoot and response time were reported between elliptical and cubic geometries.

Zhang et al. [6] proposed a novel approach for high-resolution nanomanipulation by combining microlens with
the AFM probe, enabling simultaneous imaging with a resolution of 80 nm. Their findings showed that this
technique allows concurrent observation and manipulation of samples, particularly biological specimens.

Yuan et al. [7] introduced an innovative method to reduce spatial uncertainty in AFM tip positioning during
nanomanipulation. In this method, the AFM tip acts as a sensor and estimates its position in the workspace by
locally scanning reference points on the sample surface. The observation model and its parameters were calibrated
through statistical experiments, and both simulations and experiments demonstrated improved AFM tip accuracy.

Further enhancing AFM capabilities, Li and colleagues [8] developed an augmented reality system for AFM to
overcome the lack of real-time visual feedback during nanomanipulation. By updating AFM images based on real-
time force data, the system provides simultaneous visual and force feedback. This enables the operator to both
sense interaction between forces and observe nanoscale changes live.

Using molecular dynamics simulations, Korayem et al. [9] studied AFM-based nanomanipulation of biological
particles including viruses, proteins, and ssDNA. The main objective was to investigate the effect of substrate type
on the forces applied to particles and to assess the likelihood of damage. Three substrates—silicon, graphene, and
gold—were selected due to their wide applications and low interactions with other materials. Results indicated
that the highest manipulation forces and damage probability occurred on the gold substrate.

Over the past decades, AFM has been widely used in biomedical, bioengineering, and pharmaceutical research
due to its ability to characterize biological samples in native environments with high spatial resolution. A recent
review highlighted AFM’s potential for probing the biomechanical properties of biological samples at molecular,
cellular, and tissue scales. The review discussed the fundamental principles of AFM, theoretical models for
determining elasticity and viscosity of biomaterials, and recent experimental findings in biomechanical analysis

[10].

Altinz et al. [11], in their review, emphasized that AFM-based methods represent one of the most advanced
nanoscale tools for studying and designing bio interfaces. In addition to high-resolution imaging of tissues, cells,
membranes, proteins, and bio-synthetic materials, AFM force spectroscopy enables precise measurement of
mechanical, chemical, electrical, and biological properties. The integration of imaging and spectroscopy in AFM
makes structural mapping and three-dimensional manipulation at the molecular scale possible, thereby opening
new horizons in the analysis and engineering of bio interfaces.

Another review focused on methodological advances such as bioconjugation, sample fixation, AFM tip
functionalization, measurement of dynamic force spectra, molecular recognition imaging, and theoretical
modeling. These developments have improved understanding of AFM-FS principles and provided a clear outlook
for its future applications compared with other nanotechnologies [12].

AFM is a powerful tool for nanoscale mechanical characterization of biological samples. However, reported
Young’s modulus values for similar samples often vary significantly across studies. Common errors include
inaccurate AFM tip geometry, improper data range selection for elastic response, viscoelastic effects of samples,
sample shape, and substrate influence. Kontomaris et al. showed that proper force—indentation curve processing
can easily reduce such errors, leading to more reliable biomechanical measurements [13]. In another study,
Kontomaris et al. [ 14] proposed a novel method for three-dimensional (3D) mechanical characterization of samples
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based on average Young’s modulus and AFM indentation. This method reveals lateral heterogeneity and depth-
dependent behavior of mechanical properties and was applied to samples such as agarose gels, fibroblasts, and
breast cancer cells.

Khalili et al. [15]. investigated the manipulation of DNA nanoparticles using atomic force microscopy (AFM)
based on a finite element approach incorporating contact mechanics theories. Their results showed that, among the
considered contact models, the Hertz model predicted the smallest deformation, whereas the Johnson—Kendall—
Roberts (JKR) model yielded the largest deformation and penetration depth between the target particle and the
spherical AFM tip. Moreover, increasing the inclination angle of the AFM tip relative to the z-axis led to a
reduction in both penetration depth and deformation at the particle—substrate interface. The variations of the
studied parameters were evaluated for a manipulation displacement of 20 pm over a time duration of 20 ms during
the DNA manipulation process.

Zeinaly Zad and Korayem [16]. Performed a sensitivity analysis of frictional contact models for biological
particles interacting with a rough surface in a liquid environment using the E-FAST method. They examined the
influence of various parameters on the Hertz, JKR, and Derjaguin—Muller—Toporov (DMT) contact models. To
this end, the E-FAST statistical sensitivity analysis method, known for its computational efficiency, was employed
to assess the effects of different input parameters. The investigated inputs included tip radius, particle volume,
elastic modulus of the tip, elastic modulus of the particle, Poisson’s ratio of the tip, and Poisson’s ratio of the
particle, while penetration depth and contact force were considered as output parameters. The results indicated that
particle volume and tip radius have the most significant influence on both contact force and penetration depth in
the considered contact models.

In another study, atomic force microscopy (AFM) was employed to investigate the mechanical differences
between stem cells and bone cancer cells. The results demonstrated that cancer cells exhibit a lower elastic
modulus, which increases over time following chemical and plasma treatments. In addition, an increase in sample
stiffness led to a corresponding rise in the resonance frequency of the AFM cantilever, and a good agreement
between numerical simulations and experimental measurements was reported [17].

The mechanical properties of normal and cancerous skin cells have also been examined using atomic force
microscopy. The findings revealed that cancer cells show a significant reduction in elastic modulus along with a
pronounced increase in adhesion compared to normal cells. Furthermore, cancer cells exhibited a greater cell height
than their healthy counterparts, highlighting the crucial role of alterations in mechanical and morphological
properties as effective indicators in the onset and progression of skin cancer [18].

One of the most effective strategies for ensuring stability and reducing uncertainties is the use of sliding mode
control (SMC). This method minimizes the system’s sensitivity to environmental changes while enabling accurate
trajectory tracking. In this work, the behavior of the AFM tip in interaction with spherical, cylindrical, and
Chamfered Cylindrical Particle particles was studied, and the performance of three different cantilever types
(rectangular, dagger-shaped, and V-shaped) was compared under manipulation conditions.

2. Modeling and formulation

2.1. Sliding Mode Control and Controller Design

The nonlinear system under consideration can be represented by Equation (1), where x(t) = [q,4q,...,q™ V|7
denotes the state vector and u(t) represents the control signal. The functions b(x(t)) and f(x(t)) correspond to
the intrinsic system dynamics and the input coefficients, respectively. It is assumed that these functions are
continuous and bounded within a specified domain

xM(t) = f(x() + bx(O)u®), o

For the controller design, the sliding surface is defined according to Equation (2). In this relation, A is a constant
whose order is selected in accordance with the order of the system. Accordingly, when the system lies on this
surface, the error dynamics will be stably controlled.

In Equation (3), the function q(t) represents the desired state, and gu.4(t) denotes the reference velocity.
Accordingly, the sliding surface incorporates the difference between the actual state and the desired trajectory
along with its derivatives, enabling the controller to drive the system behavior toward the intended path.

d
s, ) = (57 + NV, 2
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4@ = q(®) — qaes(t), (3)

To analyze stability, the Lyapunov function defined in Equation (4) is employed. This function is always
positive and therefore serves as a suitable criterion for stability analysis. By differentiating it and substituting the
sliding conditions, Equation (5) is obtained. This relation shows that V is negative definite, and consequently, the
sliding surface will remain stable.

V=as?
= 55t (x(®) 4
V<02V =s5x0)$ix0) < —nlsix@)] (5)

In the following, it is assumed that only a subset of the system states is measurable, while the remaining
variables must be estimated. Therefore, the state vector is defined according to Equation (6), which includes the
set of accessible variables.

(t) = [%,%,%, -, @ D]T, (6)

Based on this assumption, the dynamic equation of the system can be reformulated as given in Equation (7).
In this representation, the nonlinear dynamics and the input coefficients are explicitly separated, which facilitates
controller design.

1) = @) + B = 2t T+ 5 0| ©

For simplification of the controller design, the state estimation error is defined according to Equation (8). By
selecting an appropriate function for this error, Equation (9) is then obtained, which describes the error dynamics.
s(x(t)) = %(t) + A% (t)
®

Z(t) = [x — Xaes]"; X(t) = [* — %aes]"

©

Finally, the proposed control law is presented in Equation (10). This law consists of two main components:
one that operates based on the uncertain system model, and another that is added to ensure stability and error
convergence. In this way, it can be guaranteed that the state variables reach the sliding surface within a finite time
and remain on it thereafter.

s’ (x(1)) = X7() + Ax°(6) = fom (x(6)) + Bm (x()W(L) — Raes(t) + AX(t) = 0 (10)

A(t) = By (X(O) [~ (X () + Kaes(t) — 2%()] )
Internal couplings and external interactions can have a significant impact on system behavior. These effects
are typically modeled as uncertain forces, as expressed in Equation (11). In this relation, unmodeled dynamic terms

and forces arising from external disturbances are introduced. To ensure stable controller performance, it is assumed
that these uncertainties are bound, and the inequality in Equation (12) is used to specify these bounds.

[fn(x(©) = fin (x(©)] < Fyp(x(0)) (12)
0 < Buin,ij < Bmjij < Bmax,ijs Bmij = (Bmin,1jBmax,i;)"* (13)
Here, the constants By, ;; and By,qy, ;; represent the lower and upper bounds of the uncertainty, respectively,
as considered in Equation (13). These assumptions ensure that the controller design maintains its reliability even
under severe uncertainty conditions. For the sliding mode controller design, the sliding surface is selected
according to Equation (14). This surface is defined such that, once the system states lie on it, the error dynamics
remain stable.

Ucorr (£) = By (x (1)) [—Ksign(s(x(1))] (14)

Based on this definition, the proposed control law consists of two parts: the main control signal and a corrective
component designed to compensate for disturbances and uncertainties. This law is introduced in Equation (15).

u(t) = a(t) + ucorr (t) (15)
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The system state vector is defined as in Equation (16). It includes the linear and angular positions and velocities
of the AFM probe, providing a comprehensive representation that accounts for all dynamic equations relevant to
particle manipulation.

x(t) = [6(), ¥ (), ¥p(£), 2 (1), (1), Y (£), p (1), 2:()]” (16)
x(t) = f(x(t)) + B(x(t))u(t) (17)

Based on this definition, the system dynamics can be reformulated in the standard form of Equation (17), which
includes the nonlinear function f(x(t)) and the input matrix B(x(t)). These two components are explicitly defined
in Equations (18) and (19), respectively.

f(®) = [6(), 9e(), 9p (£, 2 () f5 (£), fo (1), f(£), fo(0)]" (18)
B(x(t)) = [01x4, 91 (), 92(£),0, g3 (O] (19)

To provide a precise representation of the forces acting on the AFM probe tip and the particle, a set of dynamic

equations is presented in Equations (20) through (26). These equations encompass elastic, frictional, and contact-

induced forces. Each equation models a specific aspect of the contact dynamics, facilitating a detailed analysis of
probe—particle interactions during manipulation.

1
fs(t) = T (Fipcosy .Hsiny, + Fep siny.H cosy; — Kgyq) (20)
c
1 ] H ) . H ,
fe(t) = i (=Fpsiny — Kyy,) + o (Ftp cos.Hsiny, + Fy, sin . H cos y; — Kgyy) cos y; + 53/5 siny; 21
c
1 ) .
() = o~ (Fip siny — sign(y7) Frrict) (22)
P

1 H? . . .
fs(®) = E(_Ft” cosY — K,(y, —Hcos(y,)) + Z—Icsm X1 (O)[Fp cos . Hsiny, + Fyp siny.H cos y, —

23

Koy1] = 5 %2(t) cos(y1) &

9:1(t) = Il 24)
H

g2(t) = Z_ICCOS x () (25)
HZ

gs3(t) = z—lcsin x1 (t) (26)

3. Results

To evaluate the performance of the atomic force microscope (AFM) control system during the manipulation
process, variations in the probe tip’s angles and displacements, their derivatives, as well as the sliding surface,
were analyzed under different particle geometries and cantilever types. These analyses were based on recorded
experimental data and aimed to provide both quantitative and qualitative comparisons across various conditions.

3.1. Manipulation of Particles with Different Geometries
First, the simulation results for particles with different geometries are examined and subsequently discussed.
3.1.1. Manipulation of Spherical Particles with a Rectangular Cantilever

Figure 1 illustrates the variations in the probe tip angle, its derivative, linear displacement and its derivative,
along with the sliding surface. The results indicate desirable motion stability of the probe during the manipulation
of spherical particles. This figure presents five different plots of the AFM probe’s performance during the
manipulation of spherical particles: tip angle, angular derivative, linear displacement, derivative of displacement,
and sliding surface.

The results show that the probe angle rapidly approaches a steady value, and initial oscillations diminish within
a few cycles. The angular derivative exhibits minor initial fluctuations but converges to zero, indicating stable
motion. The probe tip displacement remains approximately 1.25 pm with minimal error. The sliding surface
accounts for only 3.4% of the trajectory, a low value that signifies stable contact between the probe and the particle.
Overall, this figure demonstrates that for spherical particles, uniform force distribution and simple contact
conditions result in more stable control performance.
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Figure 1. AFM probe control during the manipulation of Spherical Particles using a rectangular cantilever
3.1.2. Manipulation of Cylindrical Particles with a Rectangular Cantilever

In Figure 2, it can be observed that due to initial contact with the lateral surface of the particle, there is a
noticeable increase in angular fluctuations. The average probe angle is recorded at 2.15° with a higher standard
deviation compared to the spherical case. The angular derivative at the initial moments is approximately 12%
larger, indicating that initiating motion for cylindrical particles is more challenging.

The probe tip displacement (=1.27 pm) does not differ significantly from the spherical case, but the sliding
surface increases to 4.1%. Therefore, although the controller successfully maintains overall stability, the
cylindrical geometry requires additional control effort to prevent slippage.
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Figure 2. AFM probe control during the manipulation of cylindrical particles using a rectangular cantilever

Based on the data in Figure 3, for this particle type, the plots indicate a further increase in fluctuations. The
average probe angle is 2.18° with a higher standard deviation compared to the previous two cases. In the angular
derivative, sudden peaks at the start of motion reach up to 15% above the mean value, due to the continuously
changing contact point along the chamfered surface. The probe tip displacement is approximately 1.29 um. The
sliding surface reaches 4.8%, which is the highest among the three geometries examined with a rectangular
cantilever. These results highlight that particles with more complex surfaces pose greater challenges for control.

Subsequently, considering the importance of cantilever geometry in the manipulation process, we simulated
the effect of different cantilever shapes on nanoparticle manipulation. The simulation results are explained as
follows.

(e) Sliding Surface

3.1.3. Manipulation of Chamfered Cylindrical Particles with a Rectangular Cantilever
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Figure 3. AFM probe control during the manipulation of Chamfered Cylindrical Particle particles using a rectangular cantilever

3.2. Comparison of Three Particle Geometries with Different Cantilevers
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3.2.1. Comparison of Three Particle Geometries Using Different Cantilever Designs

The performance of the AFM cantilever in the nanomanipulation process is strongly dependent on its
mechanical properties and geometric configuration. Owing to its symmetric structure and favorable mass
distribution, the V-shaped cantilever exhibits higher bending stiffness along the primary motion direction while
simultaneously providing a more stable dynamic response compared to rectangular and dagger-shaped cantilevers.

This geometry promotes a more uniform distribution of contact forces at the probe tip and reduces the system’s
sensitivity to disturbances caused by variations in the contact point. Moreover, the reduced effective moment of
inertia of the V-shaped cantilever leads to diminished angular oscillations and improved motion control accuracy.
Consequently, this cantilever configuration is expected to deliver superior stability and efficiency during the
manipulation of particles with different geometries.

To evaluate the control behavior of the system and assess the robustness of the sliding mode controller under
varying conditions, the control signal u(t) was analyzed for two extreme scenarios: the worst-case control
condition, corresponding to a chamfered cylindrical particle, and the best-case condition associated with the V-
shaped cantilever.

To directly support the quantitative analysis of sliding behavior across different cantilever geometries, the
sliding surface S(rad) is presented in Figures 4-6 for all cantilever types. This parameter serves as a direct indicator
of the degree of sliding and enables a consistent comparison among rectangular, dagger-shaped, and V-shaped
cantilevers.

The results indicate that, in the case of the chamfered cylindrical particle, the control signal exhibits a larger
initial amplitude due to continuous variations in the contact point and increased dynamic uncertainties.
Nevertheless, the sliding mode controller successfully drives the system toward the sliding regime without
inducing saturation or severe oscillations, thereby maintaining overall stability.

In contrast, when employing the V-shaped cantilever, the control signal demonstrates a lower amplitude and
smoother behavior, with a significant reduction in oscillations. This response reflects reduced mechanical
disturbances, a more uniform force distribution, and improved controller performance in this configuration. This
comparison confirms the robustness and high efficiency of the sliding mode control strategy when operating under
unfavorable and complex conditions.

Furthermore, analysis of the sliding surface plots reveals that the V-shaped cantilever consistently exhibits the
lowest sliding surface values across all particle geometries, indicating enhanced contact stability. Conversely, the
rectangular cantilever shows higher sliding surface values, suggesting a greater tendency toward slip. Accordingly,
the reported sliding percentages are directly derived from the observed sliding surface behavior.

3.2.2. Effect of Rectangular Cantilever

Figure 4 presents a simultaneous comparison of the probe angle and displacement for the three particle
geometries: spherical, cylindrical, and Chamfered Cylindrical Particle. It is observed that as the particle shape
complexity increases, the sliding surface rises from 3.4% for spherical particles to 4.8% for chamfered particles.
Nevertheless, the difference in average angle remains below 0.1°, and the linear velocity variation is less than 4%.
These findings indicate that the designed controller demonstrates good adaptability to different geometries,
although more complex particles exhibit increased slippage, highlighting the need for further control refinement
and improvement.
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Figure 4. AFM probe control during the manipulation of nano particles using Rectangular Cantilever
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Figure 4. AFM probe control during the manipulation of nano particles using Rectangular Cantilever (continued)

3.2.3. Effect of Dagger-Shaped Cantilever

In Figure 5, a dagger-shaped cantilever is examined. The plots indicate that the average sliding is reduced to
2.9%, and angular fluctuations decrease by up to 25% compared to the rectangular cantilever. The average probe
angle is approximately 2.05°, and the mean linear velocity is 0.084 pm/s. This improvement is attributed to the
dagger-shaped cantilever providing a more uniform force distribution at the contact point and preventing sudden
slippage at the start of motion. These results demonstrate that selecting an appropriate cantilever geometry can
significantly enhance manipulation performance.
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Figure S. AFM probe control during the manipulation of nano particles using a dagger-shaped cantilever

3.2.4. Effect of V-Shaped Cantilever

The results in Figure 6 demonstrate the best performance among the three cantilever types. The average sliding
is only 2.1%, representing the lowest value across all experiments. The mean probe angle is 2.03° with a very low
standard deviation (less than 0.02), and the mean linear velocity is approximately 0.083 um/s. A reduction of over
30% in angular fluctuations compared to the rectangular cantilever highlights the significant advantage of the V-
shaped design. This geometry provides more stable contact and reduced motion errors, making it the optimal
choice for manipulating particles with diverse shapes.
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Figure 6. AFM probe control during the manipulation nano particles using a V-Shaped Cantilever

3.3. Summary Table for Simulation Results Comparison

To consolidate and quantitatively compare the results obtained from the simulations, the key system
performance metrics are presented for different combinations of particle geometry and cantilever type in Figure 7.
This summary table enables a direct comparison of the effects of particle geometry and cantilever design on contact

stability, manipulation quality, and the performance of the sliding-mode controller.
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Figure 7. Summary Table for Simulation Results Comparison

4. Conclusion

In recent years, the atomic force microscope (AFM) has emerged as one of the primary tools for nanoscale
manipulation, attracting significant attention from researchers. Owing to its high capability in establishing precise
and controlled contacts between the probe tip and particles, AFM plays a crucial role in both biological and
materials engineering applications. Nevertheless, a fundamental challenge lies in ensuring stable contact and
preventing undesired slippage during particle manipulation—an issue that becomes particularly pronounced when
dealing with complex geometries or biological environments. Consequently, there is a growing demand for
accurate dynamic models and robust controllers to minimize errors and maximize stability in probe motion.
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Addressing this gap, the present study proposes a hybrid framework that combines precise dynamic contact
modeling with sliding mode control (SMC), significantly enhancing AFM performance in nanomanipulation tasks.

Simulation results demonstrated that the proposed controller effectively reduces probe tip motion errors while
maintaining system stability even under environmental disturbances and geometric variations. Analysis of three
particle geometries (spherical, cylindrical, and Chamfered Cylindrical Particle) revealed that although the
controller successfully stabilized both position and orientation in all cases, slippage increased with particle
complexity. Spherical particles, due to their uniform contact surface, exhibited the lowest slippage (3.4%), whereas
Chamfered Cylindrical Particle particles, characterized by frequent contact point changes, showed the highest
slippage (4.8%). These findings highlight the critical role of particle geometry in contact stability and manipulation
quality.

Furthermore, a comparison of three cantilever geometries (rectangular, dagger-shaped, and V-shaped) revealed
that cantilever design plays a decisive role in precise motion control. The V-shaped cantilever achieved the best
performance, recording the lowest slippage (2.1%) and reducing angular oscillations by more than 30% compared
to the rectangular type. The dagger-shaped cantilever also provided notable improvements in stability and slippage
reduction, whereas the rectangular cantilever exhibited the highest error and instability, underlining its limitations
in high-precision applications.

Overall, the findings of this study indicate that integrating accurate dynamic force modeling with robust sliding
mode control provides an effective strategy for developing more reliable AFM systems. Beyond optimizing
cantilever geometry and improving nanoparticle manipulation, these results pave the way for expanding AFM
applications in biomedical sciences, medical diagnosis and therapy, targeted drug delivery, and tissue engineering.

Mechanics of Advanced and Smart Materials Journal 5(4) (2026) 590 —618



FIA G B8+ Sloxiuo VFF Jlo F o losis B 0,93 couivgh g 45 piicyy Slgo Silse

e, Aol g g A8 piens Slg0 il LM AS. _I

"o YYAPFYY. Lo 2iouiigs g aid ity 3lgo Swlss els dlxo

(o g g3 W59 (5 3ludike g (38 D90 (aS kS 5S g 31 oo lisul
o (5305 S y5enn 3 3l

€ >0 Loyde oly bl Cpwime 50110 0 0

zohreh.moradi(@grad kashanu.ac.ir ¢yl ! ¢ LislS" (LIS olRails ¢ 5 5umalS g (5 (guwdin 00Siils ¢ J 1S 09,5 (6 5S> (ggmiils &
m.shafieirad@kashau.ac.ir ¢yl pl ¢ LolS ¢ LalS olRasls « SgmalS 5 (5 (guocig 0aSiils S 09,8  Loliwl =
arfaraji@kashau.acir ¢l (LA ¢ LolS o&isls ¢ 3 gaalS g (55 (owdiges 00SiSNs o yiiS 09,5 ¢ Lokl &

ouS Sols 8519

St g Sy DS Gddgie lp kg BB laty, ks pglidel o BT lacd iy b3 2e
T . _ B pE U5 Gy

él:u‘ )é U‘ LgYLL U.A.L:Li J..JQ M(AFM) ‘Saql 65):4 U5S_.u5)5wa Gul.:od u.\‘ )\) u_wl o&; s_ia.)).a |) ngﬂb
el 39 o g (6l (gl 5l 51 Ky SrsS e gln ol g oa S elas  GarbsSg Kaa
.5

ladwain b oy93 p 0 ohgds iwlsS b sla b33l 5l 6 555l> 9055 5 (39 S Gl iled sl
JAS L olyen (Sealns iladse oozl So gl ol o El ppe il Sy Glizmen osizn
GJL«aw @Lu ] 00 43‘)‘ Q_“"'JW ..\..JT)S L AFM D)Slo.c O 9ape 6‘)" ‘5_...41.7.1 Sgo G:M

S0 a5 ol YU cBa b 1) yamm dygly g Comndgn ol H0l8 oo >y 0aisS ] yiuS a8 el ools ylis

VBBV tedly y g b
VBRIV VA 15,555k o6

LS ZANEL ER-JOR O I

Sodezren b B33 e 45 il IS8T 00 5528y ailgiasl g (gllyil 53,5 ol 0,5 duskis dus a1
O3 s sl elsl 9 SS90 )90 e cnl )3 i Oliee b oo Gl s (ud
u,u,vJ u.v),».w.».l 00)59@ 4."5.».»;‘ u‘)b 9 (Y‘/f /) U"")"J u.i]aaos 65)5 ul)\) 456)91944 sl 00l 4.»....;[.700
g YNV T/ o3 b JSa-V S s aS ol (Lis S50 g9 dw dnlie (oo a2 oo lis | (FIAY)
Silodse oS 5 a5 ams oo lid loadly ool azils 1) o Slas oy yige slaggly Slilugs azg5 B ol
S5 e 5 AFM (slaptanns ansi ln f5e 5,180 Wlgiion (2530 390 2 (e S5 5 33

A5l S8l (i 5 Sty Sl 50 ]

doddo =)

L sl g 9% ol jo 03 idsrie sl Jlul g 385 lagy, @ ks «s)psldsl o9 )0 n3 slacd,ing

sl olal> cud g ol Loads ]S uled sl jo 1 SUlss Jds 4 (AFM) g3l (69 58 o5ng S sl 00l o138

0,5 9 Oig SS9 ol ol (Jinll wsb oo ALl ey Gl o ol lalpl Bl (S Gleea «SzsS b
39550 et 4 (ooe Bl lizmes (Oglite el b Slule g (st sladazms )3 0% g4

Lo jo iadgoin (g Ol ool gl (Solus gileJow Cawal @ axgi L ), Ses 5 (goeme dslllas o

Lulyd (b slag s 9 TKR o )las ¢ 25 Julow pies 38,5 )i 10 5 (y35msil Job (siluaige blap] ol cu)p abo

¢ Jgbs 00 b
zohreh.moradi@grad.kashanu.ac.ir :Ssg xSIl Gy (0!



mailto:zohreh.moradi@grad.kashanu.ac.ir
mailto:m.shafieirad@kashau.ac.ir
mailto:arfaraji@kashau.ac.ir

oY (= Lo e Oy (il mxo (50l p0 040

D] ilos 5 aglie cyuiin gl b g s5loancds (3530 Jlyou

Slabaze ;0 ESM 5 yeste Mb 350 Glp S > Sl Gl g 9 Sl (Seelus ileand (agh s o
IY] el ons lgie andllas ol 1o )y

Slopis ;07 osdl )18, e 6l Kol o g, 5 (2053 5SS oS 5 e (oo )oK SO adlllas ol o
AFM glgil 5 sb] &8 > i g bl sla e (gl sly 53 1, o LlS las ot gulis el oo 5 )| AFM
Iv] el osls ol

o JpaS iy, aS ol lis bl ol ool Jdow g gl gy glgl (28,5 a0 L AFM o w0l
L] et osls 2als 1) JLadlol g osls mals 1) 55 oyloj o yial )l (g 5lodinge b cras aSid 5 (e

i giogil S 4 TAFSMO) ik 651 (a5 J50S oy 5 e b o) Sew 5 )05 (i ;s o
b9y YL s iy oy, b lamolie mls Silop 0 AFM Gy g s mbaw 5l ogp alold Gidu aw jo
Lol sl onss (555 (ooSe 5 (o Slodmaia (oo )b Lol ol 5 olos o lacglis § 05,5 wuli 1) (solerin

Slp AFM Gy b 339,500 oS 5 5l a5 as o 1)) YL 7aog b il sl g (o83, o, Ko 9 STl
oaaline el “5,&?.9) Qe.‘ ABS o ul'*“ @L.; .J.J.f‘so oolao! )myb A 6)“»&.5.9.; P QLQ)’WA 6)|oﬁﬁ9,a;{ Qlial Sl
1] 055000 0013 1, (s (lodigad o3a9a; dadigal Glojon (bl 5

20 a5 WS e )] i giiegil ;0 AFM S5 Cunbae Sl canbdpae ialS sl ailygles Loy, oo et g olg

97z ) |y 05> Condye wisel mlaw (55, gz e B (ordge (Sl b5 03,5 Joe S (lgisas AFM ()5 S'5i o]

B 3gupe ialoj] g (5 lwand ol g oo 0,5 (o kel slotole;T L T (slo yiol )b g osalice Jae 055 co (uess (5,8
IV a2 g0 5 ) 5y S (0

5555 USion AFM (gl 0595381 Caradly wimmes <Ky dnmsgi b oLSad 5 o cmsSass Koo 6ol S5us yrmns aslol 4o

9508 §Loools Gull 2 AFM jy05 s3940 b s (2l sl 03,8 B3k | idsiioglls o ST (sl 095 3L

50,5 o 1) (elss (slog o Wl oo ) o 5 o WS (o0 o813 1) (2905 5 )l 2,555k lejea ((Hly ol 5o
IA] 0S5 sl 0055 & g0t |y oliegil Lansee &l pss

Ol 80 9 o9 comang Jold (S DS Gl giagil o JoSlge Sealios (g5lwand 5l oslial b o 5e g o8

0893 | Jloizl Sb3)l g 1S 1 0)ls (g9, Y 5 £ il dslllas o Lol Buan sl 00 )5 cwyp AFM Ly 1) (o

20 oo Hlid gl Wleads Gl vlge ol b pS iiS w2 3 g 00,58 0,0,5 LJo M g 81,5 el Y 1 5 s el
18] gm0 4 25 555 ol ool 03Vl 5 el 53528 e

sllow o ciw) laige g So3lul o ol bl Jds a3l sloans 1o (AFM) odl (69, ey, o
B oW wb @9)‘0 uLD.M 9 ‘SD-A.AAJ) ‘5.»..\.‘.@‘.0 ‘L;iw).'w) ‘_;LQO)P o 6‘00).“...5 oﬁ)lf ‘Yb G»L.a.‘i C}.»oa Lv ‘5‘.,...‘0
‘C,JQQ}A (_ngwL..M )& ‘) ‘5...».‘) ‘_gl.md.vs..oq L;iulsao}u uo‘9_> ..\3‘9.'64 AFM aS ooy o\)‘b ULMO-‘ ).0‘ &9 axllas cL».....'l) uJ‘

! Backstepping
2 Chaos suppression
3 Adaptive fuzzy sliding-mode (AFSMC)

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



o551 (5985 93508 S0 1 03kl el gurionil winT 8 (s3ladbo ger (o34 990 las yud S8 g, 5l eoliil | FoF

D] s Sldllbae opl (Lol sla 9o alos 5l SilSogn Julos jo 2)20 Syos

S Olgeas (AFM) ol (5955 @55wgy S (s Slahy,; a5 0S5 o0 ol OLSen g 50l (5590 aslllas

2 oole by, b el a8l gy slakavly (b g adllas o Glofrg ol (ulidegil sla)lpl G ass iy

OBl AFM (59,05 (riwcisl 55k 5l eg 3 g Slge 9 oy dalid da Jobo dacdl 5IYL 905 L (s)l0 2 g

AFM o (il 5 5o ppgal oo 5 S oo wl8 1) (s 5 (S (aliond ( (Sl pls BB rnie

e 9 Jolo o ]y slosl slagdl g wsle (See 1) (Joge S5 b suman Giddate 5 )L (o)l patds
IN T el 00525 s slalal

&S0l AFM S5 0 ,Slas g igad Col ¢ (50mslS 53555 g aiilo (23 Ud gy o pioy 2 (5590 anlllan ;500 50
S5 ol S lacd i cpl )ls 55505 ()5 S5lude 5 JsSse (plulid ()l ppgal ((Sealins lag s b
2l 5l slagysld plo b aalin ;o ol eanl (sloo )5 sl (9, Shiletiz 5 TAFM (e (59508 (i
[yl o)BTGA

JEoirll ol g Gulide j0 (s sladiged (SilSe (o) 2 slp oied 135 IRl (AFM) (ool (595 2959 Se
wdly S ol gml, laldl ol oz b g5 Ygamo cilideo Wl 4 alie clotigas slyy Sl s pyolis
a¥ ;) 3l agad S8 waigad SeraVlgSany 1 el SVl as L5 &gl Gl o5 gloosls o)l AFM S
Ol (N8558 — g (i 31 ewlio slagisy Cole) b aS amo co (ylis ()] San 5 e y305235S anlllae 290 o
D] o5l cans @ sy slodiges sl (5 5 5Bs gl g ols tals Solua | lalas ]

Jsso oobl 5 lotiges (D) (samdes SeilSe ololids (sly dpde by, Koo slanlllan 1o Kb 5 s lagiisS
28l el o ladiga SwlSie olss £95 wlyico g, ol a0t | TAFM ,y e 55,95 oo, o Lamgie Sib
48,5 e ais Slbjs sladsbo 5 lacudls et )51 J5 wiile (plaaisad sl 5 35 (029, 1) Gas @ aly JL8,

[\\C] Sl 00

Oledl Gy sl 2 (ool S9.5 2555 5l 6 Fone b Slolss 0,59 (ridgin addllas & (Ko 5 LS
Oygo JS yuds 10 a5 a0ls Hlis bagy] lawgs sowliawods ol alasls ; uled Sl slags )5t 5 soliiwl b sgame
losls (Las 1y 3585 Bos 5 S i (i, (2 e 5 25565 3552 e c0jgm 53,5 S g Baw S (i S
el 48l malS Lo (gaomio g 0,3 o oad olool S 1utd 9 3980 Bee lie < Zygmme b (jem Sei gaugly aali8l L
Oloj alidee Yo g ol oS Yo lil @ 5 Jalse aalllas )50 sl sl ly 51 S o Sy Jloged (rizran
D10l sl oty auloe slolss criadgunio sl )b sl

! Ghsy 4 @l ke 0 ) b (g5, ;D3 (Sl el laJae Cslas 5T @l 5 ol
ooy WIS Splsd 5,1 S oz o yp omiled slo e 2 cilihs (gla ol Sl o) 4o o] ool plowl 1
Sl by, 5l (S a5 Cand-sl lyie con Colus LT bl oy, 5l cilises (99,9 (sl el b r’l‘ sy bz ke
el Jgoko c0)3 oo ¢y 55 gl Jolds (2295 (nl 53 (o) 2950 (63955 Syl el saloslanil il go & o
T35 Gyl (laieds 950 5 39k Bes rizmen )5 (auwley o pS 5 (jgm Hamle o pd o) VI Jgae oy
SJae )3 3585 Fos 5 975 ;0 Gjgw gl g Buw DS e 3l (6 5,50 Sk eveliws gl el 0005 5 (s
M Sl 089y (gwlod

s sla sl 5 5ol glo sl e SlSie (lactglis « adl (5 wsSasgySero 3l ool by ,p0 axlllas ;o
)‘ o= aS A (_g).‘.,of WYI Jj..\.o (_gl)lo @L’a).w ‘_gLQJQJ.u as MQGA ul—hﬁh—' C;Lu Sl 00 R U‘?M‘

! Bioconjugation
2 AFM-based force spectroscopy (AFM-FS)
3 AFM indentation method

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



L2 I SCR SN K PR W VIRNWE TP JY ST 51

o3 Gl carge badiged (B il rizes ailise Rl lej 4 dtly O jgods Lewdly 5 (plent slagyleys
DIV il oass 8 (5155 0)20 5 s00e bt ol (cmlio @l 5 ooy AFM 15 (uiliy;,

sl 0391 (gm0 2 990 Egoge (03l (S92 9Sug S sl o0liial b Cewgy Slbp 5 (rib sla ok (Sl Dl i

5 Al Jooo ax g3 LB alS sl Jbo g sla Joku 4 cons Sl s slo Jolo a5 w0 o ylid asllas ol zls

sl o oalicn xmes slo sk &) s s yos (slo Jshos 65| )33l Cprizmad Aiid Sz Sz igl3d

Cewgy Ol 8500 5 590 00 Fhe Sloasld leea badshe (Su3elsdi00 5 (SHlle (o193 ot mie 285 Sk &5
DAL sl o

ol sl SMC) oo53d 090 S 5l oolaiwl da cral 51 2alS (g lul uendd (gl aied ;08 sla g, 5 (SO
YL 8o b oadspasd Gion 5 (6l yumne (30,5 S Sl ¢ Jaure Ol posd 4y s piacens Sl ialS ad o,
18 alllas 3550 00957 ailgisl 5 glailyinsl (g,5 S,3 L Jolas 0 AFM (550 S'gi 18, o hmgsy cnl 50 055 s0 ol 2
ol 0ol s lie it geie byl il o (USG-V g (6,505 ¢ ldatns) s S o0 g a0 Slas g a8 S
b =¥

Lol 0als aSls y 0aisS a8 2l g shia) 050 J S gile e 4 idu ol o
oS J S (> lyb g (o33 Sg0 J s <)Y

e Sl px(8) = [q,4, ..., gD 1 s a5 wls Gioles (V) dolae &yg0as g oo |y (w2 0590 (o pué piacs
o A (6355 rtl s 3 s 13 Sl Sl 54 BOE(D)) 5 £ (X(D)) ey ol S Sk u(E)
..\.»...JL: )L.\J‘; ‘U‘:M o)l.: LSQ )0 g ooy 4.;»;5...: (:)‘9.: L)"‘ 05....4‘59

xM(t) = fx(1)) + b(x()u(t), )

l)wl.»-h.ﬁ L)T M)Aswl wl.w n sA.L:)‘) u.:‘)é O}wu;o g_ﬁ.:).s.) (Y)A.LD‘) &L’a.a w)JJc'a.wsoMJ)Jf‘)b 61)4

s(x(H),t) = (% +)DG(), )
Gt = q(t) — qaes(t), ()

(B3 e lple Sl ol 485 A S wz e e s Gaes(t) 5 wtlae > Byee g () U () ala, o
45 Mou;a ‘) ULS‘Q‘ Q"‘ °"\"“‘SJ]““S LY 9 A.J)f ).lc.:.;)\) L)—‘ uLQ...w.‘o O‘]A—QAJ ‘) usl.b.‘o).m 9 6:3‘5 u...paﬁ uLHO d)‘l..}‘
gl S5 S )50 s 4 e L3,
S 1 g 018 Cutie (5 0o 0)lgen @5 (nl 09 oo ooliitul (F) alal, JSC& 4y Sl &l 5l sl (o) 2 12
obss abuly cnl 0gd o Jol> (0) aluly (o33 llyd Kl g ol 5l (68 Grine b el (5 lmly Jelos (6l (ormlie
g dwles Jlaul 3 e a5 el e Ao Va5 A o
1.
V=2gsi(x(®) )
V<03V =s5x()si(x(t) < —nlsi(x(®)]. )
ANl 00 edt Wb b sie ple g s (6,503l BB i SVl 51 (S s 4 05l 0 2,8 ol o

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



5551 (595 93508 S0 3l 03kl el guionil winT 8 (s3ludbo ger (o34 990 las yud S8 g, 5l esliil | FoP

() = [% %%, -, x V], *)
bt iSu @olae (pl 10 0,5 cungiil (V) alaly )8 4 ()lg o 1) piacs (Seelins Aolae (2,8 (pl 4 axg L
o3l 0155 LS ol ISl b Wlesd B g s 638,5 caly 3 Salis

1) = @) + BaOW® = [, W 1+ [ 0y |e© "

Sl i gas by e 33,5 o o5 (A) b (3llae Lol (a5 (sl o o>l 3lesl jshiias,
WSS o diogs | Uas Salis s, a5 0o co s 0 (1) dolas dlas ]
s(x (b)) = x(t) + Ax(t) )
X(t) = [x = Xaes] "3 ¥ () = [% — Hges]” )
ool a8 Lisu el Lol isu g0 el il cpl el oals &L (V¢ ) alaly o golpiny S el ol o
Ol 0 v (e Sawl o 03933l s o Ko g (55l (el jslaieds &5 (L85 9 00,5 oo it (el Joe
iloy (Bl ol )3 g ooy (B33 mhaw 4 Sgaze plej 0 Sl Gla e a5 55 Jol> el
S(x(@) =x(t) + Ax () = fm (x(t)) + B_m (x())u'(t) — Xges(t) + AX%(t) =0 )
() = B! (e()[~frn(x()) + Haes () = 2%()] Q)
oty Ygano D1l il 418 s 158, (6 iy s Al g0 Gigm Sl RS 00 5 B slaysS
5 0ad gl e e Seolns slap i dalaly pl )0 098 c0 0aus (V)) dobas jo a5 Wigd o il uxel (slog s
33 Bogonal (o 45 355 o 58 00538 5 ol 8,Shes oot (sl i550n 8y o SAaLEE 130 slag
Sgad oslaiwl bl ST pl 0,8 astive gl (V) aoleel 5l (lg5 g0 g aiyls 1,8 Sgaowe (slojl
|[fn(x()) = frn(x())] < Fy (x(8)) an
0 < Bmin,ij < Bmij < Bmax,ij; Bmij = Bmin, ijBmax,ij) " )p)
wiloads Blod (V) doles o a5 aiin @.ub YL g b 1S CByre i Sy Bnax,ij 9 Bmm,ULnglei' disl o
Olimebl Gl lioren ouS J S 2k wal glacaadad pas sgzg Ll l o S a5 wes e Sl @l 3
575 4 gl ol 5 S (VF) bl 3llae 5530 oo (5580 oS S Ll jsliiess 08 L |, 555
ey 3 sl L Sealiyd 55 15 51 85 i Slolo 515 555 o iy
Ucorr (£) = B (x(£)) [-Ksign(s(x(1))] 0%
L ablie gl a5 (Mol adlse 5 Ju8 ol JuSw il (i3 99 Jolds (oolgring 508 09 s po3 nl (bl

el 00l (B (10) alalie ;3 gl cpl el ol 48,5 L )5 Ln remals g lislod!

u(t) = a(t) + ueorr () \0)
S5 0 AFM (jau slugly 5 s slace pw g Slaises lop ul )0 000 oy 25 (VF) dlayly Bollae oo Sl lo
B9 blod 0,8 pidgoie b g e Soelns SYolae a5 U wloads 28,5

x(t) = [0(8), 7e(6), yp (£), 2:(1), 0(8), Ve (£), yp (), 2:(O)]" )

x(t) = f(x(@®) + B(x([®)u(®) oy

oo )9-'94-.‘ Q‘ﬁj‘sﬂ ‘) AFM (S O Geio 95L3 Q*-’T)-g Seelizs (VF) ‘\-]m.l) d—‘uaﬁ (Omtmnira G| E )‘*5)-.’ Ry L
Sealins Sl FOH(D) oy ols cmgzlz ol yo w0l imlas (V) alal, 53 o byma IS o i s I o

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



L0 A SCR SN K PR W WIRNWE SR YRS S

5 b @lralr p S Jlesl G5 g 005 AFM S5 S o0 050586 b Bl B(X(8)) (59955 e ile (eizen
(i g0 S8 IS wez )l jo idsiegil (Seeles c¥slee I b S oo Wl ) 5 Se Slige oS >
Jelosi (e (5ol Ll g 0ol Gy yal s (S0 8 (Sl e s ol O jg0dy J US98 g 853 s
355 o0 )8 il gie ($28ly e 1 S5LLY

9 f(x(D) (o pe b Jols a5 098 0 (cmngisb (VV) adal) o lasbinl o8 4w Seolod i jad (pl 0 az g5 b
caloads Gl (V) 9 OVA) Ll )0 o iy (a5 90 (nl .l B(X(D) 6395 e Sile
f®) = [0(1),5:(8), ¥p(8), 2. () fs (), f5 (), £(0), fo(D]" )
B(x(t)) = [01x4, 91 (), 92(£),0, g3 (D)]" 0

oals LYY U (V) Lailgy o (Solips OYoleo 5l (slacgamms 0,3 g (yigmw Soi e slog,d 3280 ialed sl
i SVolae ol 5 Ky o s s Lieds |y oled 5 U slog e g (SISl SVl slag i EYoles (] an
pol 2]y el o 50 SIS S AFM (5m (o Jelad 3.8 Judod (el 5 00,5 g5l Jae | (uled Soalias jl (paeive

3l o0
1 . .
fs(t) = I_(Ftp cosp.Hsiny, + Fy, siny . Hcosy; — Kgyq) )
c
1 . H ) .
fo(t) = i (—Fp siny — Kyy,) + A (Fypcosp.Hsiny; + Fyysiny . H cosy; — Kgy) cos y,
H , ‘ 48D
+-yisiny,
2
1 . .
f7(8) = m_p(Ftp siny — sign(y;) Ferice) Y)
1 H? . .
fs(t) = m_t(_Ftp cosyY —K,(y, —Hcos(y;)) + Z—ICSlTl %y (t)[Fp cosp . Hsiny; + )
. H
Fepsin .H cosy, — Kgy;] — ;xg (t) cos(y1)
1
g1(t) =+ %
I
H
go(t) = TR ® Yo)
c
HZ
g3(t) = 57-sinx, (t) %)
21,

ety &5 el 0,8 g AFM ()59 So8 i oled 51 (280 Sl (69,08 ke Fo 59568 (YA B (V) Ll 0

8 5 amdge L 1) 08 mrhans )3 jgm Soi (K358 ljel yiel)l aibige anly § Jloj 35hi oe 5 K 3o uled
Shacl o s 5l ookl b (wld gl 0 (Saol G550 -0 o0 chrogi | 3585 i 55 9 005 O Sloj Bt
b K s (e bl 3ilaisn i |y ignie o> 53 (oulee S o Cnglie 4 el 0 (g3l Joat
o ;3 il oled slog s 4l il oo o] gmlsy o pd 5 SSb Jgoo aboz il i0)3 9 (9w So8 (Sl (ole>
s Seraliys SY¥olen 1o b g o it AFM IS liaties olSs s (s 3 00 dsbins (ubod s Slaiies

.05 bl
0 090 J 508 Gl yielsly i g ool -Y-Y

iS4 12138 o0 3l cudia (sllas 2alS Lt s e yobods 9 00,5 (el |y B33 o oI Ko 254 2Ly
Olessalie (liws Geadd yslaiods 1) 050 39 00 (S BN (ALl S (2500 &0 j2mie )] 55 )50 polie oS

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



o551 (595 3508 S50 31 03kl b el gurionil winT 8 (53 ludbo ger (o34 990 s yud J S g, 5l esliil | FeA

ol oy QB Wl ST sl el g wlilacel jpas o (i) v 4 piiess ol
Sygods Byl (ol aites e glagabipse s g adly oS Sl ciga D9 D osla il
3900 3l ez olslizel 5 giloJaw lallas ol o 0aiiS J S Cuglio bras yed U wlonds Sl al S aladlors
S8 g JyS JUKs oo lul lee Jolw polie cpl Ol 09l (65 gl Sy s oauay 9 ol Sllugs

G5 3 aSl s (B 350 J S (sl p W sage B SG )l 50 Giagh cnl (5)9le a5 Cunl 53 LLS
iy ool 950 9Ny San p (e Gl giagil an T3 5l LIS aly Sals Joo S b J S by ool Gk
“.\....5‘54 JL@.C‘ Lsd‘)]d})dgs; La ool 6L¢JJA K9y » ‘) ‘5..4).:.] Sg0 J).»..S as u.u.u...: Sldlao )‘ 6)L¢.m.v ;9)1?).1 ol
5 AFM (jj90 S5 Gly90 9 Jal slacSialns Jolis abisS Joo o oozl 5o goleiian S8 (58 Geiios (nl )
RO PRWPRIRS 4:.»;5.: o)é Gw..\.,.m u_él).u.u 9 Sl 5627).»& quoJ Lglbj).u ).».:L Cod

oS o2y 3l U slacaahbsac oS Cul sals b slaigSa (V0) akaly jo o]l S glE (atin jgboay
a9l 9 Comdge glas (yloj plie o], Ken g a8 3 1A jo IS & jgoa ) 0)8 dwais a4y aly Dl i 9 0)3 5 9m
o33 090 JyuS (e 0 )5 j0 1 polo (hegh (Lol e 3090 (nl IS e pidgrnie AT e 3 1) (p59m

& (5 3lwand b -

@lraly 5wl Sl idsie wulE 0 (AFM) ool (5555 58ms Sn (7S s 0 Shoe 55 sl
sl 4518 sy 0500 S Elgil 5 0y0 wain aliee Ll 50 (553 gl Geizees g o] Slitde ojses
ot plol Cilidee V> s e 5 o damlie B b 5 odiplonl (gloinles] 5 i csloosls olul s o ol

Gglao gawasa b Ol)d phad g —)-Y

Slr Sl Ol « 1530 mawr (a3l Sl G854 dge 0aS S 0 Shee (oS (b)) jsbaiedr (eghy (nl 5o
Sgd oo i (gilwand IS e 5l oo 10 O jgoas asly plcasl oals solaiul S CuaS g wled (g4Il o
35,50 BEFERRWRUEL I PR C I 3 sbew] So 5l Loyl C.E.“: o 3lao lade QT 4o as

Ol )2 a5 058 g0 a3 Sloj Cand O jg0 0 1,155 53 e il 38 e e 5(E) ST atie jsbay

O b piann o @l Sod an b o 6l p Cute S oS jlade SoE Gl o aS el B IS(E) 1> 8 by
axsls )l,8 J—‘o..\g.‘ oo Al sl ) s a5 e oy as o [SSbo FIA L YT L Sudas oas 5158 polie w5
FoS polie digds yoad (pdidsrnte a8 0 (S lle 5 wled (65l 2330 (liee sl g lme (lsie s atils o

Sl 0 0y g i S Gl eled i g)ll g i) e 4 Fa e ol Ked saimojlis el ol

30,5 oo gy dalol jo gools JI8 w0 ge |y gl awaia L SIS gileand zull lal wslsl o

hbsuo S i b (69,5 ©lyd riad guio V-V

o o3l ol 5 s b oles ploale grie 5 (b alraly ol Brta (jgm sl Sleais ) S 0l 5

S Sbes S Jlaged @iy JS& cnl e (59,5 0,8 ielgie (e 50 g wellae (5 sk Sl s ol
(lraly Grie s alralr wl) Frie wsly i wes e Galel 55,5 D)3 alrale wnl o 1) AFM (5o
aiz e o adgl Sllugs 5 09d e So5 Hlaly Jlaiie 4y S sty (e digly 45 s e litd @l o33 s g
el (S5 (sl eaiaslis a5 A (oo s Sho 4 (Jg 0)le plug (Saillanl )3 argly Frie gy 00 ol S

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



PR | (2 Lo de o) (il o (50 po 005

CS9iSs w395 «59,5 DS (gl aS wiS s ol Sl (LS sbas el 0,3 b jam Sl eled saimslis ol lade
Dgdee JyS okl o Slee el oobu wled Ll b g 9,03

. X 10'3 Spherical
—
3 s
g 2 7’
N ” - = ()
U4 I
0 y 4 9des
0 0.02 0.04 0.06 0.08 0.1
tsec)
G asgly (Al
Spherical
0.2 -\
§> \;
= 0
-0.2
0.02 0.04 0.06 0.08 0.1
tsec)
g 4gl) Goien (@
X 10'8 Spherical
""—“
g
~ 4 \a
g ”
&) ,' - yc
>~ 2 ¢ f
I' ydes
0
0 0.02 0.04 0.06 0.08 0.1
tsec)
Oigw slale (g
-6 .
x10 Spherical
2
AN
3 / \
% 0
-1
0 0.02 0.04 0.06 0.08 0.1
tsec)

Oigw 2lraly Glde (0
(9,18 alol) (heaiumo S 323 b 59,5 Wlyd rliad 9o S (031 (59 7 P9 S (im0 J S ) S5

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



o551 (595 93508 S50 31 03kl b (bl guriogil wisT 8 53k gy (o34 990 s b SIS b, 5l slil | e

Spherical
0.2
:g 0.1
OTﬁt
“ -0.1 I
-0.2
0 0.02 0.04 0.06 0.08 0.1
tsec)
i) s (o

b S 50 b (59,5 S (g Ctz (o031 (59 75 Sy o (yigu J S ) JSCB
b S i b glail gl O1y8 (piad guado - Y)Y

5 gm ualice (slaysly Sllogs )3 ggmimo Sialidlioy3 ol lan b adsl olos s w2l ol 5 (Y JS2) 9
o9 cpslel allamd jo aygly Fiee .Cowl 0uls b (55,5 Sl a4 cacd YL Lo Byl b oas 0 YV asly Sl
UMV/YYR) 90 Se glals cul 5550, wlle glalgal @3 gl a8 > 5kl amo o olis a8 canl 55,53 \Y /.
auilys oauS JuS wiz e oplplo cwl 4l ol Y L a4 i maw Ll )l (69,5 cdle b g Reis Sglas
el 5535l 6T el (gl (g ian (IS 0 il slailginl dwais Ll wuS Laas 1) ST 60k

X 10'3 Cylindrical
4
3 -_?m_
3 -
g 2 "'
11—~ BT
0 ,’ ] des
0 0.02 0.04 0.06 0.08 0.1
tsec)
Odgw agly (A
Cylindrical
021\
:% \
-0.2 - - -
0 0.02 0.04 0.06 0.08 0.1
tsec)

39w 495 Gk (&

(3,15 aalo) (Lubaiaao 5 5 U (g1ailginnl Oy crid guivo Cater (05T (59 35 95wy 5o (3 jom J S ¥ S

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



PN (20 Lo e o) (s o (50 g0 00 )

x10° Cylindrical
"
~ 4 ’¢’
g ¢
’ - Npm . y
=g c
4 ydes
0° ! ;
0 0.02 0.04 0.06 0.08 0.1
tisec)
Oisw sleale (£
x10° Cylindrical
2
PTAN
= \
P~
A : i
0 0.02 0.04 0.06 0.08 0.1
tsec)
Qi gl @b (o
Cylindrical
0.2
:'é 0.1
0 T—'
“ -0.1 I
-0.2
0 0.02 0.04 0.06 0.08 0.1
tsec)
oo g (o

ol edaine S5 b ool cw )y dwain dus oo j0 Jlade oy i 4 oo, FIA T 4 558 e sl 00gy pm V/YA
S oo Sl J S 6ln st Gl ily Pessamy haw b &) a5 was oo ol s o

bi mlon S iluai |y 0,3 ¢l 5 S, awais )»L, (Ol gaie a] 3 10 S0 dwais Coenl 4 dxgi b aslol o
230 5 (o0 L ok ol bl 5o (3l Sl ol

el o 25 b gladlginl ©1)3 (bl gaio cater oo 59500 Sy Ko (r39m0 J S ¥ S

i S i b 00 y95 7 dilgiwl O3 (piiad guudo - Y)Y
YA gl puSlos ains Sllug yiios (iol38l gonims)lis b jloges 0,3 g9 nl gl F IS glaoosls ulul 5

St VO 1 B S > gg,8 50 SLSU slacSy aygly Biie ,0 el YL LB Sl g0 4 s ] Hlre Blymil g a0
390> igw So plrals 0ed e obul F Al o wled ahal dlugy s o @ S Whad b ke luie

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



5551 (5985 93508 S50 31 03kl bl guionil winT 8 (53 ladbo ger (o34 990 s yud S8 g, 5l esliil | IV

X 10'3 Crowned Roller
4 F
- 3 pa—— e
) D Laind
g2 e
) PR - ()
1 »” e,
0 ,’ des
0 0.02 0.04 0.06 0.08 0.1
tsec)
O as9ly (I
Crowned Roller
0.2
0.15 *I\
3
s 0.1
S ol
0
0 0.02 0.04 0.06 0.08 0.1
tsec)
Odew gl) @i (o
X 10'8 Crowned Roller
e — _E“
4 - ==
~N "
& 7 ——
>~ 2 & ¢ |
b4
" ydes
0 U4
0 0.02 0.04 0.06 0.08 0.1
tsec)
Wi sl al (g
X 10'6 Crowned Roller
1
3 {\
0.5
0
0 0.02 0.04 0.06 0.08 0.1

tsec)
Oy 2wl Gie (o

(8,18 anldl) (ddaiuwo S i b 00595 . dilgiw! 153 plad guio St (051 (69 75 95wy S0 g J oS T JSCh
Crowned Roller

0.1

e

0 0.02 0.04 0.06 0.08 0.1
tsec)

ooy b (o
(heliino 5 i b 03,595 . dilgin] O1)S (i grie S (051 (S98 @ gSwg S (g J ST JSS
gliio G U i b 0,yd duwdid duw do liio ~Y-Y

S aud)

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



PIY (28 Lo e ) (il (punmo g0l g0 0505

Jdo 4 JS V- 15 el aialy o] dwaie g (Sl Lolgs 40 Sadas (i garingib o] ,3 ;0 AFM S 15 0 ,Slae
ol (Jlo e 00 5 009 0555 ol oS liul) )0 VL phed S ey clie &g 5 o)l S L
e 1) 555 e Sl 15 & e 6 el el

31 b olalazel 4 cod s Colus g 00l (igw Soi 50 wled gy FESES ajel del anvain
lagly Sl als & e JKAV-S 15 )8 She (ow il low (RalS nl 2 ogdle ams o (28051 (wles alails i
Gloawaia b ol pideie anld 0 S5 g ol 45 09, o0 HUatl gy ol 51005 o S S CEs deups g
S0 0uiiS 7S Cuaglie (g p g i (JFS 58, (251 jskateas ans (LiS s93 5l 6 5VL L g (6l il
5 (00355 sl 039) (LS Iulyd i ok s Sl 50 sl () S S wilisen Ll s 553
sl 855158 a0 y90 (JSB V=S 1) Lyl (e

»Srad) (i mhaw Hloges 8 05 Glize glaawain anlie o (53] oS Jldou el Slosiiy jelaiea

s duslio Gl g 005 (B33 e 5l pelies camli yial)l ol el oals &l oS, soled (gl P LT IS
S o w2l By IS Vag 6y Ldats oS 15 oy

aS cwl 6555 asals lyls planl Gllasd jo JiuS JUKw 08,957 ailginl 0,3 cl> )0 a5 wes oo lis mls

9 ‘5...)).&] Sg0 o..\.»..SJJ.».»S le} U”‘ L> ..\.wlasn ;im L».:») ‘SLQ;A..:.L:B " P\.\.C w‘)ﬁ‘ 9 u,uLoJ alags IQB“'\A A_:‘).».».w )‘ stl.:
S oo baax 1) g ll g 005 Colae s Al as ) i wual Slilugs G glidl 540

O Sllugs 5 00gs J0,9% 5 (8t (o g yieS aials jl J S JUKw (JSb V-5 15 5l oolal cdl> o« blie ,o

55kt 5 logyes SESHS, @i o Kelie Slolazél alS ouinsslid S, (ol el aBly 8IS gna oty

L agrlyn 55 (553 ogm S s, W IS 5 gl cnlia ol il gm (st (59 oS S Sogllas
WS oo a1y eauzy g gllasl Loyl

v Hlade (1 eS 0,8 sbddwain led [0 IS0 V- 15 a5 aas o lis (33 s sl loged o) g (riren
2o e Gl 1y (3 e 516 555 polie (elatee Sy Jlie 55 Zanl oled VL (gl R0Le oS o l0 1) 53
gyl Loya) g Hld) 5l Lesdites oo yo)55 (553 ladus 0 (ol plis el opa (gl yiian olawiul 51 Sl oS

KH W
cdosiwn Sy J36 -)-Y-Y

g 1) 1 00,55 st 5 slalsind (55,5 Awass aw (sl alrals 5 ugls S lepad dulis F IS
L oo Gl 0,558 sl FINL 2 55,5 sl VIR 51 a5 b )8 S Sy el L o8 355 a ocmline
45 ams e i sl cnl ol B3l S (das Gt pr Dglis 5 4z y0 /)l 2eS drgly pSilee OS] g2y ol
by Gl A58 Soauzmy S lp iz e el Jls)55 n il JISAIL (crilie 5L 5l 0ai 2yl oaiiS ] S
)18 929 J S g 9 el & 5ls g WS (o0
PICSEE JUCIO i N

5 il LalS YA & isad (peilis 45 aims e Lt L logad el o0 gusy s (6 ymis adaie by S 53 o USCS o
ol a4z 0 Y00 350 .Sk agly el 00l jiaST daiie 5 4y Coed YO U (glasly llgs
3g o0, olml elas 4o 9508 3l G FCHESs @i S Sy o Cunl Gl 0gugr (al e 0 S cus /s -/ AY
S 8o Wlgh oo S 5 crnlin diin S wad oo Ol Az (pl WS (o8 SRSl ES 2 peh 50 SWSU slah
23 35 (7 BB ek ) addge

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



551 89755 9509 50 03l (o poiogil At (53 doke St (o590 990 i o J S g 3 5l

x10°
F
3 sungfl ‘
c"p?}"‘ —
< 2 ‘,:‘,"2 1=0.01808 ===s= Qspherical
t% .." T20.01582 === @cylindrical
1 - Ocrowned roller -
0 T=0.01357 des
0 0.02 0.04 0.06 0.08 0.1
tsec)
Oigw gl Jyes (I
x10°
; ;
"‘:. -::,.‘c' g ’ ! ]
4 .',.:./ =s=us y spherical
é S wwws y cylindrical
>‘ ‘0. c
2+ Y, crowned roller
.ydes
0
0 0.02 0.04 0.06 0.08 0.1
tsec)

i 2l el J s (o

hebiins S 5 b 00,95 gy ailgiul g gl dilgiml 9 (59,5 ©1yd i grie Sy (031 S35 9SS Gigw J S T USE

x10°
T
3 ey ‘
T DT —
S 2 e
§ A ~ T=0.02223
% T=0.01777
3
T=0.01469
0
0 0.02 0.04 0.06 0.08 0.1
tsec)
Ogw agly J s (I
x10°
f ;
YTt e
4 ";:‘?".:'/"‘ nean Y spherical
’g\_ y == y_cylindrical
> 2 .:"' y crowned roller
& c
ydes
0 L
0 0.02 0.04 0.06 0.08 0.1
tsec)
Oigw e a e J s (o

S5 S i b0y95 Fy dilgswl g (ol dilgiunl 9 (5955 ©lyd ciad gaio Cr (o031 (59 3 P eSwg S (g J pS B S
o V- S i i - -y

5 I8 p S aS ool aud YV s ) Kl el S0 g9 s gl 0, Sdes o i S0k £ USS b
e AY sgam ad e 5 (10T 5 5eS) b Hlews o laslisl Gzl b as o VY 1Sl 4l canla yioles soles

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



PI0 | (2 Lo e oy (il o (50 po 005

axgi JB (65 camolis Jdatas S5 4 Cos lagly Cllugs jo Yol 5l G ielS .l ool Cowd 4y pum/s
SIS g Slp a0 S Grie (S5 sl Rl g 5l eled sl s 4 awase cpl i IS5V (b

x10°
[
3 /:uw-ﬁ'»
““.“’l
) S~ ===== @spherical
§ Y T=0.01872 === Qcylindrical
1 T=0.01567 Ocrowned roller
0 T=0.01389 des
0 0.02 0.04 0.06 0.08 0.1
tsec)
Og 49l J 68 (I
x10°
; ;
P, '
R0 ===ss y Spherical
~ 4 ‘.“’i‘r ¢
g ".’/ ==y _cylindrical
> 2l y Yy, crowned roller
ydes
0 L
0 0.02 0.04 0.06 0.08 0.1
tsec)
Oigw 2wy JS (@

IS -V S 55 0095 5y Wlgial 3 (8l &gl 9 59,5 S5 ol i Cuter oadl (S350 95 ySp0 33300 i 5 S
Giwdands gl A lio aodls> Joua -Y-Y

SeuS 5 6lp pasw 9 Ses Lol 2Ll dagiluas o lCawads 2l oS awlis 5 sanpex> jlaiea
b g 0,3 anae Sl i auslie Gl Jgux ol sl oals SIIY S LB o0 S50 £98 9 0,3 dwain alite

Sileee wol B 1) (SA5a) 350 0aiS S s Shos 5 dddsente oS (bl )Mk p S S
0.025

0.02

0.015
0.0
0.005

Spherical Cylindrical Chamfered Cylindrical
B Rectangular Cantilever ~ ® Dagger-Shaped W V-Shaped

e

o

63l s L dun Lo aodS Jgur V Sl

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



o551 (595 93508 S50 31 03kl el guionil ainT 8 (s3ludbo ger (o34 990 as yud S8 g, 3l esliil | FVP

S oS Az =¥

ooldie 5o Cpdedgae slalnl S el 1 (S Glsieds (AFM) (3l (6950 95g ,Se 5l ool « o3l sla L o

Ole 0l J 7S g 380 slaules ol ;o Y oUlg Jdo a4 Il cpl ol aid 57 )18 ] Siagsy 5155l 4z g5 5550 il
2 bl Gla il 51 (S Jl Gl b oS oo Wl slge qwiige 5 (g loojgm 10 (g0ulST A (D)5 5 g Sy
30 ohgdy a5 JSCie el DS ol S8 s o atwleSl gl yiisd 5l (6 S ele g wled (6lsl el die) o]
9 35> (Sl gla e >k 4 5L gy cnl 51asS so S yiden (S3glsm lalaze ;o b oanzey JSIL 0 )55 5
Rl e 08 Copae gyl Guytian gl p S b e CSm Glgn B ogd ge el pglie laoniss S
(SMOC) o5a) 550 (e J5uS g (oled 380 (Seolind (g5l 5 (oS 5 oz )l SO M e 35 503 b e gy
50 0,158 i ladis jo e 5] cwguome JSb a0 piadgie a8 0 | AFM o Slee coilys a5 ays 5 &Sl
A IRV I I SWISNEEL VIR PN Sy WES S VP T PRV OV SR PPN W C A oﬁ&l)\ﬁa&ab&@xﬂnlf&a’q o2

slodds

ams 2alS he yeba 1) iew Sgi 5, sl canl s oas >k eSS a5 wels lis g jleancd ol
(659,5) 0,5 Awdid £53 A (o) S L cwais Sl g e cliladl jea> 0 o ) e )l g
b Lol S Il 1) g ausly 5 CamBgo Conslys 8lge plos o )5S an 514 el KT (03,95 dllginl o (slilgiu
Sl 1y (AFF) (530 ka8’ S3lgiSs aled g b (59,8 S vbige Gialdl G530 Oliae 0,3 el (08 jFoduzen
Coodl Eg90 ol iols Las |y (AFA) L5530 oyt  wlos alai ) ,So i b 039560 ailginl Sl)d a8 J> o wis S

S (o wwz ) il gaie ColnS g wled (5l H0 0,0 awais

SloaisS el (18 S 5 dwais a5 sl LS (USKG-V g (6 s ¢ ldatnss) S 95 a9 ,Sas dslie 500 (s9u
S Sltly Sl 76 51 s alS 5 CAY0) (558 s 508 b b S5V 555 00 28 (30 5 0
Iy i g auS ool (gl o labasMe Jl dgups cudlsd 55 (6 Sy oy &l o Slae o e I NEYSHOIPY
30 ol Glasgame saranilis a5 cuils ol jod @ 1) (6,labL g Uas oy i b S0 blae o aes yialS
Ll ol slos I8

d90 p (K poliia S5 g (Sealios slagys 380 (gilodie oS 5 45 aad 0 i Gaod (pl sladidl (S 5k

bl jo e s opl sl i lebl ClblB L AFM laginas dnwgs lp ael )5 68,505, Sl oo (b2

O AFM (glos IS 558 gl |y s &lg5 oo aSL il S50 Oly3630 it gaie 0,8 Sgugo g S 5 awais aiyg
D3l Hlges S8l pwdige g diadad gloyg,ls ( Ko oleyd g Lanseid (s pole

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo



PV (28 Lo e ) (il (punmo (g0l p0 0505

Authorship Contribution Statement

Zohreh Moradi

Biography: Zohreh Moradi received her M.Sc. degree in Mechatronics Engineering from
Arak University, Iran. She is currently pursuing her Ph.D. in Electrical Engineering with
a specialization in Control at the University of Kashan, Iran.

Contribution Statement: Conceptualization, Methodology, Validation, Formal analysis,
Investigation, Software, Visualization, Writing — original draft, Writing — review &
editing.

Dr. Mohsen Shafieirad Biography: Mohsen Shafieirad received his B.Sc. degree in Control Engineering from
Isfahan University of Technology, Iran, in 2005, and his M.Sc. and Ph.D. degrees in
Control Engineering from Amirkabir University of Technology, Iran, in 2008 and 2014,
respectively. He is currently an Associate Professor of Control at the University of Kashan,
Iran. His research interests include control in biological systems, system identification,
multi-agent systems, multi-dimensional systems and control theory. He has supervised
more than 25 M.Sc. and Ph.D. students and has published around 45 papers in journals
and conference proceedings.

Conltribution Statement: Conceptualization, Methodology, Supervision, Validation,
Formal analysis, Writing — review & editing, Project administration.

Dr. Alireza Faraji Biography: Alireza Faraji received his B.Sc. degree in Control Engineering from sharif
University of Technology, Iran, in 1996, and his M.Sc. and Ph.D. degrees in Power and
Control Engineering from Ferdowsi University of Mashhad, Iran, in 1999 and 2010,
respectively. He is currently an Assistant Professor of Control at the University of Kashan,
Iran. His research interests include Intelligent control, Industrial control and Automation,
Nonlinear Control, CPS in ICS. supervised more than 30 M.Sc. and Ph.D. students and
has published around 35 papers in journals and conference proceedings.

Conltribution Statement: Resources, Supervision.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

&l -0

Mohammadi SZ, Moghadam M, Pishkenari HN. Dynamical modeling of manipulation process in trolling-
mode AFM. Ultramicroscopy. 2019;197:83-94.

Korayem A, Korayem M, Taheri M. Robust controlled manipulation of nanoparticles using the AFM
nanorobot probe. Arab J Sci Eng. 2015;40:2685-99.

Wang CC, Pai NS, Yau HT. Chaos control in AFM system using sliding mode control by backstepping design.
Commun Nonlinear Sci Numer Simul. 2010;15:741-51.

Korayem MH, Esmaeilzadehha S. Neural network sliding mode controller of atomic force microscope-based
manipulation with different cantilever probes. Microsc Res Tech. 2019;82:993—-1003.

Korayem M, Khaksar H, Mousavi A. Modeling and control of probe distance, substrate and probe of AFM
using AFSMC in the presence of disturbances. Mech Syst Signal Process. 2021;152:107458.

Zhang T, Yu H, Li P, Wang X, Wang F, Shi J, et al. Microsphere-based super-resolution imaging for visualized
nanomanipulation. ACS Appl Mater Interfaces. 2020;12:48093-100.

Yuan S, Wang Z, Xi N, Wang Y, Liu L. AFM tip position control in situ for effective nanomanipulation.
IEEE/ASME Trans Mechatron. 2018;23:2825-36.

Li G, Xi N, Yu M, Fung WK. Development of augmented reality system for AFM-based nanomanipulation.
IEEE/ASME Trans Mechatron. 2004;9:358—65.

Habibnejad Korayem M, Estaji M, Homayooni A. Molecular dynamic modeling of bioparticles
nanomanipulation based on AFM: investigating substrate effects. Modares Mech Eng. 2017;17:437-45.

¥ o)lois /8 695 NFF Jlu | douibgh g i iy Slgo Suilio



o551 (5955 3508 S0 31 03kl bl gurionil winT 8 (53 ludbo ger (B34 990 s yud S g, 5l estiil | FIA

[10]Liang W, Shi H, Yang X, Wang J, Yang W, Zhang H, et al. Recent advances in AFM-based biological
characterization and applications at multiple levels. Soft Matter. 2020;16:8962—-84.

[11] Alsteens D, Gaub HE, Newton R, Pfreundschuh M, Gerber C, Miiller DJ. Atomic force microscopy-based
characterization and design of biointerfaces. Nat Rev Mater. 2017;2:1-16.

[12]Lostao A, Lim K, Pallarés MC, Ptak A, Marcuello C. Recent advances in sensing the inter-biomolecular
interactions at the nanoscale—a comprehensive review of AFM-based force spectroscopy. Int J Biol
Macromol. 2023;238:124089.

[13]Kontomaris S, Malamou A, Stylianou A. The Hertzian theory in AFM nanoindentation experiments regarding
biological samples: overcoming limitations in data processing. Micron. 2022;155:103228.

[14]Kontomaris SV, Stylianou A, Georgakopoulos A, Malamou A. 3D AFM nanomechanical characterization of
biological materials. Nanomaterials (Basel). 2023;13:395.

[15]Khalili M, Taheri M, Bathace SH, Shakeri F. Study of DNA nanoparticle manipulation using atomic force
microscopy based on finite element method using theories of contact mechanics. Mech Adv Smart Mater.
2022;1(2):155-74.

[16]Zeinalizad L, Korayem MH. Sensitivity analysis of contact frictional models of biological particles on rough
surface in liquid environment by E-Fast method. Mech Adv Smart Mater. 2024;4(1):86—121.

[17]Jafari A, Sadeghi A, Lafoutia M. Mechanical analysis of human healthy and cancerous bone cells applying
atomic force microscope. 2024.

[18]Sadeghi A, Pour Esmaeil Fatideh A, Madani AH, Aryanipour B. Mechanical specifications of the skin normal
and cancerous cells using atomic force microscope. Mech Adv Smart Mater. 2022;2:299-309.

F olos 18 693 [1FF Jlu | thoibgh 3 b piiny Slgo Seilo




  𝒙 ( t ) = [ q ,   q . , . . . ,   q  ( n − 1 )  ]  T


  u ( t )


  b ( 𝐱 ( t ) )


  f ( 𝐱 ( t ) )


    x  ( n ) ( t ) = f ( 𝒙 ( t ) ) + b ( 𝒙 ( t ) ) u ( t ) ,


  q  ( t )


    q  d e s  ( t )  


  s ( 𝒙 ( t ) , t ) = (   d  d t + 𝜆  )  ( n − 1 )   q ~ ( t ) ,


    q ~ ( t ) = q ( t ) −   q  d e s ( t ) ,


    V .  


  V =  1 2   s  i 2 ( x ( t ) )


    V . < 0 ⇒   V . =   s  i ( x ( t ) )     s .  i ( x ( t ) ) ≤ − 𝜂  |   s  i ( x ( t ) ) | .


    x ~ ( t ) = [   x ~ ,     x ~ . ,     x ~ ¨ , ⋯ ,     x ~  ( n − 1 )  ]  T .


    x . ( t ) = f ( x ( t ) ) + B ( x ( t ) ) u ( t ) =  [        q .  n × 1     f  m ( x ( t ) ) ] +  [     0       B  m ( x ( t ) ) ] u ( t )


  s ( x ( t ) ) =     x ~ . ( t ) + 𝜆   x ~ ( t )


    x ~ ( t ) = [ x −   x  d e s  ]  T ;     x ~ . ( t ) = [   x . −     x .  d e s  ]  T


  s   ̇ ( x ( t ) ) = x   ̃     ̈ ( t ) + 𝜆 x   ̃     ̇ ( t ) = f   ̂ _ m   ( x ( t ) ) + B   ̂ _ m   ( x ( t ) ) u   ̂ ( t ) −      x ¨  d e s ( t ) + 𝜆     x ~ . ( t ) = 0


    u ^ ( t ) =     B ^  m  − 1 ( x ( t ) ) [ −     f ^  m ( x ( t ) ) +     x ¨  d e s ( t ) − 𝜆     x ~ . ( t ) ]


   |     f ^  m  ( x  ( t ) ) −   f  m  ( x  ( t ) ) | ≤   F  b  ( x  ( t ) )


  0 <   B    m i n , ⁡  i j ≤   B  m , i j ≤   B    m a x , ⁡  i j ;     B ^  m , i j = (   B    m i n , ⁡  i j   B    m a x , ⁡  i j  )   1 2


    B    m i n , ⁡  i j


    B    m a x , ⁡  i j


    u  c o r r ( t ) =     B ^  m  − 1 ( x ( t ) ) [ − K sign ( s ( x ( t ) ) ]


  u ( t ) =   u ^ ( t ) +   u  c o r r ( t )


  𝒙 ( t ) = [ 𝜃 ( t ) ,   y  c ( t ) ,   y  p ( t ) ,   z  t ( t ) ,   𝜃 . ( t ) ,     y .  c ( t ) ,     y .  p ( t ) ,     z .  t ( t )  ]  T


    x . ( t ) = f ( x ( t ) ) + B ( x ( t ) ) u ( t )


  f ( x ( t ) ) = [   𝜃 . ( t ) ,     y .  c ( t ) ,     y .  p ( t ) ,   z  t ( t )   f 5 ( t ) ,   f 6 ( t ) ,   f 7 ( t ) ,   f 8 ( t )  ]  T


  B ( x ( t ) ) = [  0  1 × 4 ,   g 1 ( t ) ,   g 2 ( t ) , 0 ,   g 3 ( t )  ]  T


    f 5 ( t ) =  1    I  c (   F  t p   c o s ⁡  𝜓 . H     s i n ⁡  y 1 +   F  t p   s i n ⁡  𝜓 . H     c o s ⁡  y 1 −   K  𝜃   y 1 )


    f 6 ( t ) =  1  M ( −   F  t p   s i n ⁡  𝜓 −   K  y   y 2 ) +   H  2   I  c (   F  t p   c o s ⁡  𝜓 . H     s i n ⁡  y 1 +   F  t p   s i n ⁡  𝜓 . H     c o s ⁡  y 1 −   K  𝜃   y 1 )     c o s ⁡  y 1 +   H 2   y 5 2     s i n ⁡  y 1 


    f 7 ( t ) =  1    m  p (   F  t p   s i n ⁡  𝜓 − s i g n (   y 7 )   F  f r i c t ) 


    f 8 ( t ) =  1    m  t ( −   F  t p   c o s ⁡  𝜓 −   K  z (   y 4 − H   c o s ⁡ (   y 1 ) ) +           H 2  2   I  c     s i n ⁡  x 1 ( t ) [   F  t p   c o s ⁡  𝜓 . H     s i n ⁡  y 1 +   F  t p   s i n ⁡  𝜓 . H     c o s ⁡  y 1 −   K  𝜃   y 1 ] −   H 2   x 5 2 ( t )   c o s ⁡ (   y 1 )


    g 1 ( t ) =  1    I  c


    g 2 ( t ) =   H  2   I  c     c o s ⁡  x 1 ( t )


    g 3 ( t ) =     H 2  2   I  c     s i n ⁡  x 1 ( t )


  u ( t )


  S


  𝒙 ( t ) = [ q ,   q . , . . . ,   q  ( n − 1 )  ]  T


  u ( t )


  f  ( 𝒙  ( t ) )


  b ( 𝒙 ( t ) )


    x  ( n ) ( t ) = f ( 𝒙 ( t ) ) + b ( 𝒙 ( t ) ) u ( t ) ,


  s ( 𝒙 ( t ) , t ) = (   d  d t + 𝜆  )  ( n − 1 )   q ~ ( t ) ,


    q ~ ( t ) = q ( t ) −   q  d e s ( t ) ,


    q  ( t )


    q  d e s  ( t )


    V .


  V =  1 2   s  i 2 ( x ( t ) )


    V . < 0 ⇒   V . =   s  i ( x ( t ) )     s .  i ( x ( t ) ) ≤ − 𝜂  |   s  i ( x ( t ) ) | .


    x ~ ( t ) = [   x ~ ,     x ~ . ,     x ~ ¨ , ⋯ ,     x ~  ( n − 1 )  ]  T .


    x . ( t ) = f ( x ( t ) ) + B ( x ( t ) ) u ( t ) =  [        q .  n × 1     f  m ( x ( t ) ) ] +  [     0       B  m ( x ( t ) ) ] u ( t )


  s ( x ( t ) ) =     x ~ . ( t ) + 𝜆   x ~ ( t )


    x ~ ( t ) = [ x −   x  d e s  ]  T ;     x ~ . ( t ) = [   x . −     x .  d e s  ]  T


  s   ̇ ( x ( t ) ) = x   ̃     ̈ ( t ) + 𝜆 x   ̃     ̇ ( t ) = f   ̂ _ m   ( x ( t ) ) + B   ̂ _ m   ( x ( t ) ) u   ̂ ( t ) −      x ¨  d e s ( t ) + 𝜆     x ~ . ( t ) = 0


    u ^ ( t ) =     B ^  m  − 1 ( x ( t ) ) [ −     f ^  m ( x ( t ) ) +     x ¨  d e s ( t ) − 𝜆     x ~ . ( t ) ]


   |     f ^  m ( x ( t ) ) −   f  m ( x ( t ) ) | ≤   F  b ( x ( t ) )


  0 <   B    m i n , ⁡  i j ≤   B  m , i j ≤   B    m a x , ⁡  i j ;     B ^  m , i j = (   B    m i n , ⁡  i j   B    m a x , ⁡  i j  )   1 2


    B    m i n , ⁡  i j


    B    m a x , ⁡  i j


    u  c o r r ( t ) =     B ^  m  − 1 ( x ( t ) ) [ − K sign ( s ( x ( t ) ) ]


  u ( t ) =   u ^ ( t ) +   u  c o r r ( t )


  𝒙 ( t ) = [ 𝜃 ( t ) ,   y  c ( t ) ,   y  p ( t ) ,   z  t ( t ) ,   𝜃 . ( t ) ,     y .  c ( t ) ,     y .  p ( t ) ,     z .  t ( t )  ]  T


    x . ( t ) = f ( x ( t ) ) + B ( x ( t ) ) u ( t )


  f ( x ( t ) )


  B ( x ( t ) )


  f ( x ( t ) ) = [   𝜃 . ( t ) ,     y .  c ( t ) ,     y .  p ( t ) ,   z  t ( t )   f 5 ( t ) ,   f 6 ( t ) ,   f 7 ( t ) ,   f 8 ( t )  ]  T


  B ( x ( t ) ) = [  0  1 × 4 ,   g 1 ( t ) ,   g 2 ( t ) , 0 ,   g 3 ( t )  ]  T


    f 5 ( t ) =  1    I  c (   F  t p   c o s ⁡  𝜓 . H     s i n ⁡  y 1 +   F  t p   s i n ⁡  𝜓 . H     c o s ⁡  y 1 −   K  𝜃   y 1 )


    f 6 ( t ) =  1  M ( −   F  t p   s i n ⁡  𝜓 −   K  y   y 2 ) +   H  2   I  c (   F  t p   c o s ⁡  𝜓 . H     s i n ⁡  y 1 +   F  t p   s i n ⁡  𝜓 . H     c o s ⁡  y 1 −   K  𝜃   y 1 )     c o s ⁡  y 1 +   H 2   y 5 2     s i n ⁡  y 1 


    f 7 ( t ) =  1    m  p (   F  t p   s i n ⁡  𝜓 − s i g n (   y 7 )   F  f r i c t ) 


    f 8 ( t ) =  1    m  t ( −   F  t p   c o s ⁡  𝜓 −   K  z (   y 4 − H   c o s ⁡ (   y 1 ) ) +           H 2  2   I  c     s i n ⁡  x 1 ( t ) [   F  t p   c o s ⁡  𝜓 . H     s i n ⁡  y 1 +   F  t p   s i n ⁡  𝜓 . H     c o s ⁡  y 1 −   K  𝜃   y 1 ] −   H 2   x 5 2 ( t )   c o s ⁡ (   y 1 )


    g 1 ( t ) =  1    I  c


    g 2 ( t ) =   H  2   I  c     c o s ⁡  x 1 ( t )


    g 3 ( t ) =     H 2  2   I  c     s i n ⁡  x 1 ( t )


    F  e l


  K


  𝛿


  𝛿


    𝛿 .


  𝜇


  K


  𝜆


  𝜂


  D


    D ^


  s ( t )


  ∣ s ( t ) ∣ > 𝜀


  𝜀


  u ( t )


  S  ( rad )

