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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. Diagram of the influence of parameters on criti-
cal time.

871


https://dx.doi.org/10.22060/mej.2025.24420.7867

75 ool SlSo (owigee g pui

AA B AP Sl VF+F Lo Y 0)loss @Y 0553 e ol Sl puoino 4 pi5
DOLI: 10.22060/me;j.2025.24420.7867

25595 b gimaw Gl guie Jol 5 53 (Sl loj o228 Sl g (e )55 55l s
Lowlejl (2 lhb 5 (o (g 5lwdmms

\‘f‘.ﬂl Sbhlw l)ib)c \é’b M)Bc éﬁvd)w UL’»“

\d)ﬁU"Q&ﬁ

Ol STy S olStils ¢ usine 5 5 0 Sl g g il usdige 09,5 =)

Ol STy S olStils ¢ pwsine g (o35 0SS eyl suvige 05,5-Y

18,5913 ey ,U
VEoF/- /YA bl
VEF/ AN 16,S55L
VEFLAIYY 5l
VE¥/Q/Y 1o Ml )

1605 Clols

S olj siledae
O Sy Je

S (pigeie
olabejl Ak

9 G938 9SuwgySee

() Slaie) )3 (slodyiS Slad)lS (gl 3 (ol slajlil 51 (e gl (ol oy 29N See tMS
359 )50 3l 030l b €8 o el S 55 s 39 gt Al gl ol ul Al dlgo sdine 5 (S
oin (sl gtally b (cadllan (ol Ban .l 005 oy (275 islofl g 200 il | S 5 Copgots o3l (30
2 e Som)Sy Je Gimgly cnl )3 sl sty sl 385 (S (stmmgi g U5l S o ploj g2 g 5 Sy
O gy |y o 48l 03l (s (g0leg S (5 lel o gl ol 0 5l Sy ol 2 Lo ytelyl 655 5
2 ol )8y 35518 (sl 3905 L ccizron 5 ol cillne 025 gl b g el Jlayg 2 (W luiel g B> 51 780/ -
e olo el el o35 glad 5 s £li5) I3 85 el 3l s ol A (g3 e L eito (S 5 Sy ol
Cpgods 4l den £ 390 (loj 03 2 3)ly JS (g9 o5 w30 LS (pdidgarie (598 Sy jldge5 cinon D9 0
Jae oo g anily gllas JSlyoo gy bl b Sloj a3 5l abais ol dury oo Yol s dy i 9 4l o8l dtwge

S o by (Sgw S

Sy iin GlaShy dler Jl oasie sl Gl (SR
0y S plos Glaseie g 4V j (Ao llpd )3 (S8 (ol
slp w225 Slaghy) dapiSeay cnl (S adegl .l
i 22190 (2laCodgioxe b yiall o e Jloo
ad )3 (ool G935 9SwgSue B S50 Clillas wargl,
4B)5 51,8 oliuldyge (Jobo (colibam) )3 losnlié job 4 andls
Cdpin Col osSugySee (il x5S B osd cage ol (ol
[V o b gl loyd 5 e B Johu SSlSe STy 5 ag5 B
s sadiged ) (ol 935 C5Swg S S8 et |
3 (Sl 4Bl 55008 (S e & o sl Abels (58
Syl b baye (Sopdon oSy lolid (o s20)S ( eke
oo Sl Al rizmen Cusl Gilow e e 5 by
Srare s S oy |y by 2 @)l I (S50
&y slashe J orsgl sl (slo Sy dmlio » slofzg 15T el
PSS g (J5go ST ol )3 bl ales jloalial b (Sl yw

doddo —
05 @i 2 95w 5 U slacsyslis sbap)lS S L
(2Ll (laasts 5 colugl «SKilygSe (wiine Cunj
S joye) S2s5 Jle glagplis  plual 385 JuS 4 jls
2308 0 5 @IS laylil 5l (Sl g S S 90
#U ol 3 plual (6)Sawd 5 () pgad Sl & Cunl (5 )5l85i0
bl GoSg See cnl (Brre oloj 5l S (o w8l gl 5 ol ],
Sl bl IRl & ol 9388 CoSwnSee [N ohlSen 5 S
2 gl ploale 5 (o (Sdie (S sl LS o0 Aol
Odedgie (olbe (] )3 Cunl0ad b (e g (sole Cilises (sladie
Sox g e a2l jl ookl b gl g )50 )5 (sandu
9 Sy Cul oad wBld el g i gy Ko plyisar (o]

S el wajls pddgie Jgl B Sl gloy (mobe

1. Atomic Force Microscope (AFM)

e-mansouri@araku.ac.ir :oble solge ok g *

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )


https://dx.doi.org/10.22060/mej.2025.24420.7867
https://orcid.org/0009-0001-3861-2251
https://orcid.org/0009-0009-5493-6449
https://orcid.org/0000-0001-7222-6533
https://orcid.org/0000-0001-6583-3925
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

b (s ) (ol 9y ©SwgSee )b pngal dmt el 5
Sl 48 il ) glaigSa aib iy olayliiloy o ISl g5
9 9y hmgd (Pl (il eYaded b ()9
)] ol il ge @ald Jamee bulyd cod ) Hble; lags pSojlul
o g ySojlul sbcubl 5 gylul s (il cage Nl e
ALt

&2 b oS Wi (gvac 0 p Jlod lasslen Sl (29,5 Sl
Jlgj 2 oo g 895 oo A US b yg)98 3 by jand S (g (b yoé
DBy sgyeds Sladllas 03,5 g0 0k ke Cumw g (Jobo 3Sles
oLl b bpe Jobo (slacel adllae 13 (ol gy g8y So
Sy lp Fae )3l ol g 20 3T g lom 2l Jolye 53 o9,
{8 o (B SIMS (] (sis o slapusilSs

Sl g (o3l G958 wsSwn See Sl s pSo e b s sladllae
oighe MCF-7 & 5lbyo Jobo (Sl (Shy coddsmios
Pl I g 138> oS polateds (2855 )5 (wy 3)90 b Jgo
ol sl s 5 olizl b Slsw plej g gy oy slasiule]
ol 005 dpslone 5 (gilodend Tl 90 g T el il
clodly b1y pollay p iy ol o Jio &S casl odb ol s
ol 2 3yl Sl Aee ngae ) Jsh S3L Jgde 5 ) 029
s 9 Sy sl Jobe (SSle 113, yipg a3 Kl oo Jloo
DV ]l e pleys 5 sl cng by,

ol &8)S )18 () 390 slaalllan 1375 )5 039) Sy Ly
sobatods (pidgerio (1 33 Sl (loj 9 908 S pSoilul ol 35y
Gy Sue b (058 g0y lmdb"lpﬂ CO I V| oals
TS gl TS foSY (Sl Jae aw g ond plnil el 550
ity el e o8 10l s g5 o oolit] (g jlsdens (5l
S g (pldguio 3 1) Sloo ploj g g8 nyieS 05V Je
2 Bly g gl uled maw Olusyd > glay 4y @glas pl Liles )
IIV]0,5 ol by Jo

9 5l G CeSwySue Sl S5 gy Rmgh S0

. Hertz

PT

Cos

. Colon cancer tissue
. LuGre

. Columb

0. HK

=l I T NN

AVY

ol 0 0w Suo (pl )8 51 (608 Maled 2950l ] 0
2 ol 3l ofs) GxSee ¢l e il widcl clasle
{V]ewle b gloxen Gy pasls 5 b

@rcdgixe b (ol 6938 0wy See Gl sblze vy e
Slob g « o lgjn dloe I (36 glagel (ml oSl Copu b
wlallae aels] )5 sl g9 gl b A5 cod b zglan (6505000 5
Sy See 938 S350l LUl g (225 laosls I s pSe e b
O $936 Siloded Gln | (san (mas 4Sud Jhe S il 95
3, Sles (p g (34855 pl gl A gl Ll oud 1)) e g gy
039 JWl @lgs g Uad jli] (uy oiygSI L o Sy 45l @ by o
Al 30 g By il dde 0 oYL B Jso pl ogMeds (il
¥ el awsly awlos e

PU ol ) lagyss Jlosl (o3l 59y 099 S 65
5 255 )8y (Sl bl gy el oSy S sk ) e
poslis SWT gy djloge pume 1y ogllaol Loyl 53 dans 3 Slos
Jlesl 5 Jbpgne gl Gb 5l sloglh sbul jl e 0 w5
Sl odalie &) s ¢ all (595 559 Se bawvgs VLo (glag s
OSeal 5 i e (Jopplh sl sud (e cuiSiL B S
Gaslio Jb S 5l S aw Glsisar 3,8l Wl plizmen
[o]asl

o9 cnl AW Jlo )3 (ool (5958 g8y Sun (Byme e ]
0P slhoe 3 1) Haio (B3 b gaw olulid 5 Jdoo (Sl
S ppyal oml e g e (2bcudgaote (Jlcpll sl 035 wal 3
b S)j sladiges oy shp 1y ol 51 odlitl (gl paiges oS 03]l 5
drwgl el il ek Cuwl 03,8 laibd ¢ 53)53 Ale (s s jo
15 lalllas angily lods YU ey b il (sgp05 slisgSangySne
law 4 oje cpl o 8 bl VLYY bl b
olide 3 g &l JuSoBe Cepw b il ppgal & Slodew)
[Flewsl 0ad iy Sl gawg ©yg0h @pepia e

Soxs LS Sue B gola (coyp 4 )90 SN ladllae
3t Slalllae 3 (Sle S e g S plgisds 3 Slas ) (o]
IV Jesl o sl s 8L b JoSJge polito

1. Artificial Neural Networks
2. Grade 5 Titanium alloy
3. Hydrothermally



3929 (ot L)l g py 2licogie e g (Sl o Shy
2 4k WS e SaS gy yine S 4 kw5 cadge )b
58 S5l 5 petagll Goa )l el (ewggand ©I)S (gilwaia
[W]cw! b5

b 3o )3 (SSle (595 JUil e 3B & ;503 ladllas
ool SlSe Jal 18 S )3 4 05 o 15T g 3513, 0 o ke
J 4 (ol (g9 oSy Sn il Joho S ) 38 calis
ol > Ml Gl 4 Jshe (SSe ol (pwyp 0 YL Ul
Sl sy oS e i Oldlas bl Ll odd A die;
(e D)1 (St 955 Jlosl loj 9 (Syi g 0392 02 by Jobeo
gl oo o edlaiwldyge suzey g ool slaJie dlds oyl jo
sl laslss g gl Jao ot Ll cnlord (Byme baJsho (SolSe
DVl 005 81y) Job Sl JolS iy

o3latuwl b (=8ly o3l Zadg b daw (g)l0 5 50l 500 (gladlllas jo
YL Sl sy b g e Ll )37 Bl (ool (598 55 S0 ]
ol poil 7305 b ooloitis odmlia lSel g, o) ol o )15
1y Slgo iliseo zolaws g9 5 dyito soil (el JBcls siilo _sla i
Bloy (o031 (59105 95wag Sin 45 aimd oo LS ol o) S (o0 o2l 8
2 Ao o (Sig s8Il la Sy 9 e (w0 sy 2l )3
Dew! oo ably byl i

JoS 9290 Clilllae yidin (b lagiagh 9 wdagil
Olej s 9 Hlodg S yete pdidgio S8 55 (wlod (sl Jse g 95
sl 005 plol gl g0y Gam st (T 5B 0 il
5 s didsie Sl 5B 50 Slion oloj 385 Jilow S o 0
)8 an g5 350 iaS 0,0 5 Sy awdids (sla el )b Sl Lo awy
ooled 6yl o 45 Gl oS s timnghy W ol ol 4B S
1 5l oo bl i |y iz adly Lyl 3003 S o jé]
5 Siledse sglaiass " talesl Sk e 35S0) (iRgl 0!
aslosiall b Gy cnl gl )3 Cusl 00 1)) Sl loj Sl
Oloj 2 S35 Sl g 45ye cJgb g €] 0y glad s pwsia
S90Sy Jre el p 9l el 0l b)) lejer ©)geds Sl
Lulyd 55 Gl loj 385 (b 4 ) &5 4Bl dnwgs (g puiitori>

Gilwdigy 5o Sl o Limet oyl il Jobs ol ] wis calise

4. Conductive atomic force microscopy (C-AFM)
5. Design of Experiments (DOE)

St bl olSel 85 dn3 e 1) g Ko b riping S
b jlogee @al3 1y oxsj slaJobs (SSle (olss (355 (pSojlul
Sk Jgre wile 2la Shg MgSue slaY 5 69y o s
2 obgy ol YU ohl exas lis guls b (6 pSejlul dljeSig o
S3PmglSe Slillls > Gl 5,8 g 2jite (sla ol (Sl oo
WY]ewl

o5 G938 oS Sen (6x5l oty ()9 sladdlae
lolid 5 paits adlls gl diaily o3l 4 1) o] & 0sd
$3locsd o b lod )8 s gl (ol )3 (s (Sl (2lond
bl (obosd SlolRislsjl lgien ooll 5958 9Ky Se S
Vb eBl |y ) slapisSenn 5 )lisbe by Shy 9 2,5 sbxl
5 St A 5l el gy nl cmmen D905 o
DV oo @28 1) ) sabign ) (Sunlindge 5

Sox8 g See (63 )Shes slahs) 3 y3l Gacd iy Sy
s (058 Lol ofghs csangd dlse s 3 ol 0,8 5 o3l
V¥l oas ais sy (6y9p0 (obigd ) LAY ) (go) )]

O SRS e (s 3 (5931 G958 oS S Sl giailys
U5l 0392 liine () 3)90 E9590 Mo a5 TSl0ld
@l ol ol G osSs S by Jlasl gy 3> S
03,5 b3 diged )3 (mdge Syt dbml 5T IS 56 1 5 3
Comd sl 0 (63 oY (Sl Gl Jilod (Sl g, ol
ool 1) oo (S @58 b (oSl iy wile ae elge &
Dol o

st (AFM) (w95 @sSwnSoe n e laghy)
9 o (Sl (ol Jlowi g o)y pgal sy 4yt o)l
Silopgal oS 5 Alosd (Byme g adlllas (img}y > polawg ) (s
SN g (gwyp Ol il 908 CoSwgSue b (il
b SuSS opl A8 o woli8 1) JeSse ol s sla)lis b (samdw
5 >hb 2 e sl 5 ool Bl zohawg 538 S
DFALES o o] o

b gg 3Nes 5 )Ll (o ) (o3l 595 9Swg Sum 208

Ole &5 dmd oo (U oS ol guld (cawl AB)S 15 )y 5)9

1. Micropipette
2. DNA
3. Nanolithography

AVE



My 0 @Yb Coenl jldds o pl sl 0,3 &S > g9y 9 sl oles
5 € S0 (g9, yiol)l 93 1B pl 45 g aled pddanie CunsSl L
Sl piY gy Bl Gle 9y 8 Sl il <Gl plep
o 03 4 il oyl & oy il 8 o T o STSlaol yy alé
295 )5 adgl ()l 516 A8 S o b 0)d ol o & 35 e 3
S S e e

S > Fae Jelos Sl e Sp3 Sl gloj 385 e
Sl oSy alex o)y 5l 0)366 5 g See S e
L)"L"" b)b.w 9 b)..b e Olasuin cA)V)J) Lgdaw) ua|9> c;{)u
3 03 &8 sl (Sae i el ul e JpUS pas Gy
Sy oloj ssloe 5 Jabs cqpinelj] 29t ST Mol b oy JMs!
OB Sy gl Hl08 0 (alp ool Sl pidgnie ol 6 5
Sl €8> (il wliegl lasnlp giluaine > 5%
Jo5 g (bl (ol 350 pigg el 3 S ] (SSlag S
3L gimans pdgpie Cunss B 0 Sl Gloj 2 e (sla e
ol oadodly yioled V S5 50 eddplosl ailyd IS ksl 5 009

oislejl (b -y =¥

Slotus oy Sy Botlell (Sl gy 5l iy onl
oxs odlitwl (pidgeie (Slzu loj p cilSie (wrin sl el ]
o] S oy g e iz Sl lojen Jelos (Sl gy ol e
51 oolazwl Y+ JuS o o2lyd (gilwans b u..;Lc)l o9 sy b
g0 s (53lwoannd b olyon loinlefl (b i sl S0,
piY slatlojl Jlis b 38> slaosls gyl sl 2al)8 g2l
Ol (ol JoysiSl 5l ohagas daialojl (b g, 35l wal
6999 Jole cndiz o Plite lil g ol @l Glojan (ou)
Silwde p e sgilodand U 5 bg) opl djlue eald
olej le (Sl o0 (sl el )y Slatimn 5 (o8 Pl bl (S 38
3o |8 Sdmgly sledl )3 1) dige oled

i Gl 2 wiin sl pielly Sl )y pslateds cand ol )
S5 8w See | odlisl L plastalol g Jlasl plyy )d s
(poglh Fee dee Fer) e cogled b 59,8 IS g9y 2 (oo
Vg WY A laglis)] b ogSugSes Gigw oialej] oy b plovl

AYo

St 3)Slos €8> (Rl )3 (rizmen 5 Gliddgmie Gog 5 e
Sl Azl (slod i 35 65U lide )3 ol S

& (g, 9 dlge =Y
Ol gsie =) -V

Oy cod il g 9,8 Sl 3 IS S g aleal anlb
S b pole 53 ohgd uld pl e Al (opdgnior
Sl SeSay 5 sl aBly Slol coonl SbygSue g uine
Py Sun Sy oo Pl (ol (G958 CySuwg Sun (gmen (b pdy
ool g adllas 5 or5alid 5 1l o)yl 5 So o] oy
oo 3 55 Jlae! 5 (o rsSoil ecs syt el 45l 35
o3 98 @9Swg e S5 (pidgmte (b )3 S (0 @al3 ) U
S Sy dyglse S ) ol edgl  pasio (g Jlasl b
@Y 90 e SWasl gop8 Sy ol ondJlos] g9y
Ban Cumbgo 4y () U S > nl g 29300 Sl 00 €8 o S alle
b e el

Sy See 3l eridgnio cloptalesl plnl cly Shmggy cnl )
039" owled £ 95 3l ookl g0 0lKtwd 15 03l [CON Jso 031 (55,0
ol ) Jegl wlide 13 950 Jlesl b lojen ()l ppgad oSl
Sbopp S g atuwe (wrin JS5 b oslatulyjge Sy S o0
FogsSue Be (1558 cplog)Sa YO+ Jsb Jold S35 (gt bl
9 o9 Vo gliil s ooy S ddlioo yiog)Sen ¥ Cusls
Beo e ¥ Bagaoe )3 S yd 50 5oy cupd 5 035 ylogili B0 STy gled
K553 S Se gl Cul 0035 gy S0l ey (g <0V
5 31 o S dawome Laylyd 13 L inlol il o313 yioles o)
BI85 56 b 5 )l g Sl slapg b as plsl gl 5 Lo
2 gl s g catS da sl (giluoslel Jols laialejl plsl oo
S99 S ) ppgas b b Jshe Joo (olulid )l yiw )
bl sbosls caldl )3 39 (pidgurio w013 (sl s g ¢ oo5]
21,808,515 oslialyjge (s34 oS (sl 5 < S5 g0
2 9 silwodlel b Jobo 1ol .l als yotvals o g0t inlojl plbsl
(oo @lolid gyl ppgad Jolpe (s (sl 0ad Co yian 59,
sl 43,5 plonil nosly Julod g gl sl Coled 13 9 pbidgeie 2]

doyo J3) 36 9300 ol Lol 3855 )3 Vgams (pidsecto 351,9

1. Contact Mode



Wosts Gi31e »

WO o

s 310909 gl il
b

(<)

()

03 (598 99 Sm 9 (il gt Wiz B (S Sl ) JSUS

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.
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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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