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ABSTRACT: Nano-dimensional particle displacement, property improvement, and studies on cellular ~ Review History:

tissues are some of the applications of the nanomanipulation process using atomic force microscopy. In  Received: Jul. 25, 2021
general, the manipulation process begins with the contact of the needle and the desired cell tissue and  Revised: Oct. 27, 2021

with the application of force on the beam. The increase in force will continue until the resistance forces — Accepted: Dec. 25, 2021

such as friction are overcome. At this time, the critical force and time are recorded. In this article, colon ~ Available Online: Dec, 31, 2021
cancer tissue has been studied. The important parameter evaluated in this study is the critical force and
time according to different friction models in order to reduce damage to cancerous tissue. Experimental
experiments on colorectal cancer tissue have been performed using atomic force microscopy. LuGre,
Coulomb, and HK friction models are used in the simulations. Finally, by comparing the force outcome
diagrams and considering different friction models, in 3D manipulation, the maximum amount of force
and critical time for the Coulomb friction model and the lowest value for the LuGre friction model are
recorded. Considering the apparent contact surface at the Nano-dimensions in the Coulomb model and
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the actual contact surface in the LuGre friction model, these results are justifiable.

Atomic force microscopy

1- Introduction

Studies on healthy and cancerous cell tissues are
performed by the nanomanipulation process using atomic
force microscopy. Investigation of various factors in the first
phase, such as the effect of cantilever geometric parameters,
environmental conditions, cell geometric parameters, as well
as resistive forces, leads to the extraction of more accurate
information in cellular studies. Also, one of the important
parameters in three-dimensional manipulation is the
extraction of force and critical time without damaging the cell
tissue and considering the resistive forces such as friction.
As a result, extracting useful information during this process
will have a beneficial effect on the treatment and diagnosis
of cancer.

Hou et al. [1] used Atomic Force Microscopy (AFM)
to measure cell shear bond strength. After imaging the cell,
measurements of cell shear adhesion were made based on
different cell positions at the nanoscale. Finally, they realized
the difference in adhesion force in different parts of the cell.
Two types of colon cancer cells have been studied in this
study. Qu et al. [2] studied colon cancer cells using atomic
force microscopy to penetrate the target cell membrane.
According to the desired results, they have found that this
tool can be used to study the properties of cells and be used in
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the treatment of cancer. Paul et al. [3] compared atomic force
microscopy instruments and high-resolution spectroscopy to
compare colon cancer cells with healthy cells. They used the
density of extracellular vesicles as a criterion for diagnosing
cancerous and healthy cells. Finally, they found that these
vesicles were denser in cancer cells than in healthy cells.
Zarei et al. [4] investigated two-dimensional manipulation
in the second phase by considering the contact models of
HK, Columbus, and LuGre in the second phase. The results
showed the highest amount of displacement and velocity in
the LuGre friction model and the lowest value in the Coulomb
friction model.

The study of research in the field of manipulation shows
the failure to calculate the force and critical time for colon
cancer tissue, considering frictional models. For this purpose,
in a leading study, an attempt has been made to calculate the
critical force and time for colon cancer tissue by considering
the friction resistance force in different contact models.
Taking this into account in future research will lead to more
accurate results and no damage to the cell.

2- Modeling
In the modeling section of this paper, the equations of force
governing three-dimensional manipulation are presented.

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
o NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

163



M. Taheri, Amirkabir J. Mech. Eng., 54(4) (2022) 163-166, DOI: 10.22060/mej.2021.20300.7210

Then, the equations of Coulomb, LuGre, and HK contact
models are explained. Finally, the experimental work process
used in research on intestinal cancer tissue is described. Refer
to the reference [4] to examine the equations.

3- Results and Discussion

In all the diagrams in Fig. 1, the forces in the x, y, and z
directions are defined as the parameters Fx, Fy, and Fz. Also,
the result of all these forces is specified by the FT parameter.
In the resulting graphs, the points where the force is fixed
represent the critical points and indicate the critical time and
force in the three-dimensional manipulation of the cancerous
cell tissue of the large intestine. Coulomb, HK, and LuGre
friction models have been used in this research. As can be
seen, in all forms the force in the z-direction is constant due
to the constant vertical force of the surface, and the other
forces are variable. By comparing the graphs, it can be seen
that the critical force of the resultant force of the Coulomb
friction model has the maximum value and the LuGre model
has the lowest value. The same is true of the critical force.
The Coulomb friction model is inaccurate due to the apparent
surface area of the nanoscale contact, and therefore shows
the maximum amount of force and critical time. The LuGre
contact model also displays more accurate force and critical
time due to the actual contact surface.

4- Conclusion

In this study, considering previous studies on other
cancers, the manipulation method based on AFM has been
used. The study of cellular tissues is done with special
attention due to the importance of not damaging the tissue
during the study. One of the resistant factors during the
manipulation process is the friction force. The critical force
is recorded when overcoming this force and the critical time
when starting the movement. In this research, the friction
models of Coulomb, LuGre, and HK have been used in
the simulations. The force diagrams in the mentioned
friction models are drawn in different directions and their
results are plotted with a graph called F7. As the process
of changing the resultant force is fixed, the values of force
and time are recorded and considered as critical force and
time. The comparisons showed the highest amount of force
and critical time in the Coulomb friction model and the
lowest value in the LuGre friction model. Considering the
apparent contact surface in the Coulomb friction model
equations and the actual nanoscale contact surface in the
LuGre friction model equations, the difference in values is
well justified.
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Fig. 1. Comparison of force and critical time of ma-
nipulation using different friction models
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Fig. 1. Schematic of the geometric parameters of the nanomanipulation process

Ll M)f )JaJ )0 L)»Lu é‘a.u:

.fcoulomb = /W + T/‘l (\c)

0)5Y SKlasl Jio - -V -¥
Vo S 5 calises glioly 4 Wiilgy o S SKlasol (4l3a]
Copd e ol (glial 2)l SedST Jao S 4 o)l (S5 2 g
Canl oyl gonimd i Syl Sl s cob b g et e &
Gy (Niaaly (Jg enbood (I8l gyl jsbas SWlasl (59,0 &5
05 S 0 b g e del S il SKlasl oyl &S ol diwen

Jaeo il o o5 s slace yw > colipe 51 G a8 VS il

1 Stribeck

ol > Bl 03 CS G g Sl o) g 938 O 52 ke
w8)S )18 (oyn 290 Bl g 05V cnlys (Sl sl Jue iz
o3kl 039y Sy Jolw Cpidanio (slogilodnd (5 LYol jl 4

ol 00

cedsS Sl Juo =) —Y =¥

S g adgl gonl olol V] calss (SKasl s
Who a5 ol ) Sl (5 @dly 5 canl 005 oy S

P9 o 48)S )l )3 paw (53505 (598 b unliie g 039 <5 >
Ol 93 o el 50 iy 5 (¥) oty b cealsS Slao! (g9,

A g by plSoisl o (3508 (595 N s (SWao g5 1

vag



Ole () walasly Sygo 4 SBlasl (g4y0 o 9)Sue wlad Iy

Sl oo by plSotnl T jwwg\gwmAa\f‘wlom

fT:M ()

e 2
ool gled o T, = é Ao (Sl (IS o gdlal,
sl g uh @ =% A
i Jote G g 55 oy gaiely b oles glais @ Laily) cul )

ol ool cants (V+) salaly 5l &S ol 3o
G = ﬁ (V+)
G, +G,

e 03 gl 5l (V) gl 5 T, sl

log 1y, a<a
logty = {Mloga+b a; <a<a, (V)
log 7y, a>a,

to)

(log(z_' i )log(c_z2 )— log(f 1 )log(ﬁ1 ))

CH

M=- ()

vao

Shol goy5 5 0,5V Jao canl 01 slox) Ve 0,5V Sk

o1 LS5 (8) ool o s pf Jae K5 s (0) slsles 3 8,5

Cwl

d
F,,=0'0+0'1£+0'2v (o)
v)é = - |v|Z *)
di  g(v)

S5 505 05650ke < Z 0 gslaw (oo Sy Syl
(ogSxe Sy 53 98 Cuabse by Sl Plee BT s
iy joSumy (SWasl cups O, g joSns e (SBol oo o)
Slods

So36 o abaly LLedb 8 n )3 5 Syl Pl s polateny
iy (V) gakaly 15 & (V ) &b oY Jao 3 copu g (Sl
Lol 005

):Fc +(Fc +FS)67[VT] (v)

Oy

g
[0)
So by il SWhasl gy F, oyl (V) sakaly

o o3l Syl Cas s V| g ) Szl

gl Slaol Jio - —Y -

353 Sl oy N[ 6 gl SWacl g9y (8L jghaten;
S [ Sl (g5, (85 i 0 L5 (A) gablas > (559 S
oy ol [ (St oy 9 [y 83508 G950 E3070 b uslite

Cw) 005

fT::U(fN"'fo) )

1 Stiction



Bliseo Sl s gamslio N Joan

Table 1. Comparison of different friction models
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Fig. 2. Experimental work process on colon cancer tissue
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Fig. 4. Comparison of force and critical time of manipulation using different friction models(Continude)
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LuGre Friction Model
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Fig. 4. Comparison of force and critical time of manipulation using different friction models

b awlio -F
dlie oo > Glou Glogy o Gamlie 4 0 S
sk |y Sl (6955 35 023 1y wlod (52l o a5 opl S
) slde s Jae ol )3 (Sho (o g 9588 4ol )3 5 03] (a8
Iy ooles (2bly oo oSl Jdoas 0 Y Juo oS Sl o fciily anlgs
Oloj 9 9y 4 1D g 035 (eSS yieS |y SKWlasl (g950 S 00y

P LTI

Mo ¢yl SgsaS oyl (ymmed SN by Sy g03g) b pus

Ol Qloyd S (o0 1 fop @8Me pl 5 SLST (g (el wlge @3

A+

039y Sy Jobo €l 59y 2 samde pidgnie 1) Sl
ol 2 0S¥ 5 Bl icnlss’ (SBlaol slaJae S (0 (aSuie S
ol ) e o odalie S jglailan Lilas S 4115 solatwl 550 adoe
0392 ol it (63905 (S99t ol b 4 Z sl 3 g8 JS
bl oo ysie gy plo g Cunl
Salp Gox Gl plos S il g ylge saulia |
e oo pinS 05 Jae g jlade (n 0k coedsS (SBhol Juo
e S (o o @l cnl g8 Sle ape b dally 3 005 o0
oo 3 pled (all v (385 5l > 4 el (SKla]
b Sloe gloj 5 a0 e cnpiin Cle nod 4 g 0395 355 il
By v (85 )l p> e 4y 5 0 )5V pwled Jae a0 il

3o laled 1) (55385 S e 9 985 ol



A B YVAY asas V¥ JL» & b)Lo.a.fJ oY 0)9 ‘)J,..al t_i.ulSw (WA ‘b).w)

z

=

-

2

=]

=

Fx Evy Fz ET

VY “TAY . J¥8 yaE Coulomb
[EA o[ F ¥y A

/T¥ ) L] YE LuGre

Al (Sl s jl oliw! b cridgmio (100 (gLg i (G o O S5

Fig. 5. Comparison of critical manipulation forces using different friction models

w0l plsl sl gilwdnd > Bl 5 05Y wlss  SBhwl sl Jio
oaddly SKlawl sl o )d gy (slayloges .Lilaid 3 13 salatwl 3)se
o5 9 955 y3lio Al (59,85 Olynds Ligy (05 b b sl 00 w3
laduslie Conl ol 43,5 )la5 )3 Jliou o g 98 Olsie 4 g 0rd
Sl Jie 3 Glou gloj g gy e o P Sl (L5 485 )90
05 Sl laily 0)8Y  SKlawl Jio 0 jlade (p eSS 5 caedsS
angi oond ]y polie Coles w0, SY  SKlasl Jao Yol 43 gl olel o
a3 (o (slvg i 4 s (xaws (sldg 5 Coonl 4y a5 LA
oY (S8l Jao 3 ol (Bl oo (58,5 5 b 5 W Se

A8lge poslhae ool )3 s sl Jde @l

AeY

Sl a2 &y Culyw 9 S5 5039) ) JhpeS liee & g L golow:
by opl (SOl oles g i le colis asl o wglate b5l plo o
sl wled golew cpl loyd g (sl Lg) yd SLLs S8 Sl
ol opl saddllan )3 )8 o1l g anT ) 5l sliul cass pl5 1Y
2 Oy Sllllae (85 )lain b gy cpl o jslate (pay Adl e
o1 59585 oS Sun g (e lidgeie JBg) ol ple )
pae el > 4 Joho ol (g) p adllas .Cuwl odds odlatl
Dl o Gyao (oolb dng b adllas o (0 cil 4 il |
Sy 5 porid dame slo ol men Jelse (solod Xy, el
1l o 5 polie Jalge dlax 10558 0 )13 oy 3390 Jlos]
ol g ads plRn 3 Gl (6950 Al oo Sl (69580 (i guie

B85 opl )3 05 0 S CS o gyl plR > Jlou o) g gy



395980 Sl v y2 o,
395y SBhol o
oy pSuiul

SKaol s

O 2l

O35 B9y SRl

[17Y. Hou, Z. Wang, D. Li, R. Qiu, Y. Li, J. Jiang, Cellular
shear adhesion force measurement and simultaneous
imaging by atomic force microscope, Journal of Medical

and Biological Engineering, 37(1) (2017) 102-111.

[2] Y. Qu, J. Liu, G. Wang, Z. Song, Z. Wang, Controlled
manipulation of TRAIL into single human colon
cancer cells using atomic force microscope, in: 2017
IEEE International Conference on Manipulation,

Manufacturing and Measurement on the Nanoscale

(3M-NANO), IEEE, 2017, pp. 345-348.

[3] D. Paul, A. Roy, A. Nandy, B. Datta, P. Borar, S.K. Pal,
D. Senapati, T. Rakshit, Identification of Biomarker
Hyaluronan on Colon Cancer Extracellular Vesicles
Using Correlative AFM and Spectroscopy, The Journal
of Physical Chemistry Letters, 11(14) (2020)5569-5576.

[4] V. Managuli, S. Roy, An AFM Dynamic Contact Model
with Finite Thickness Correction to Study Micro-

Rheology of Biological Cells, Experimental Techniques,
42(5) (2018) 551-561.

[5]J. Zemta, J. Danilkiewicz, B. Orzechowska, J. Pabijan, S.
Seweryn, M. Lekka, Atomic force microscopy as a tool
for assessing the cellular elasticity and adhesiveness to
identify cancer cells and tissues, in: Seminars in cell &
developmental biology, Elsevier, 2018, pp. 115-124.

[6] A. Stylianou, M. Lekka, T. Stylianopoulos, AFM
assessing of nanomechanical fingerprints for cancer

early diagnosis and classification: from single cell to
tissue level, Nanoscale, 10(45) (2018) 20930-20945.

[7] H. Liu, N. Wang, Z. Zhang, H. Wang, J. Du, J. Tang,

Aoy

ool o

obos glads

dnygr (omiled gl

S lep el

S Ko S5
oS Sasl (59,0

5SSkl 53,00

gl 090 S5
X slly o ig el Jlosl 595

X slialy 50 g So Jleel 5950
Y sbsly 5 e sledl (Jlosl 55508
Y sbsly )0 39m S5 Jlasl 5955
Z bl 5o g bl Jlosl (g9,
Z lewl) 5o (3w S ol (55,

ey 8,

Fheshp Jsse

Oig S Jsse

0y sy Jye

O L5

@bl sabi Jo> S 55 oyl Gloe
S e

Y osgma o S st lias
Z jome Jo> S (Shay yaleaS
Tl 53508 S5

033 golaw (oo S
So il Sy

X L) 3 Lise (saadia Cund s
Y lesly jo Lo amio Cosdse
Loy S5 st (oSl

Z slewl) o L (gambo Cundgo
Vs Jo= 5z sl

Lo (gazio )3 0,391 395 o
O3 52 053536 3985 Ges

S Gl

Sl gy

g5 Ly 53 98 CenaBge salall) (6l Jolae (S

QZT’NEQFEQ

<ZQ:§Q

<

[

=

©

A" >R Ny S



AF BYAY dio AF) Jls F oylos OF 0,95 ¢5ueS puol (Kl usigeo 4y el

[12] P. Lega, A. Orlov, A. Frolov, R. Subramani, A.
Irzhak, V. Koledov, A. Smolovich, A. Shelyakov, 3D
Nanomanipulation: Design and applications of functional
nanostructured bio-materials, in: Journal of Physics:

Conference Series, IOP Publishing, 2020, pp. 012082.

[13]1Y. Geng, Y. Yan, Y. He, Z. Hu, Investigation on friction
behavior and processing depth prediction of polymer
in nanoscale using AFM probe-based nanoscratching

method, Tribology International, 114 (2017) 33-41.

[14] H. Ghattan Kashani, S. Shokrolahi, H. Akbari Moayyer,
M. Shariat Panahi, A. Shahmoradi Zavareh, Experimental
and numerical investigation of nanoparticle releasing in
AFM nanomanipulation using high voltage electrostatic

forces, Journal of Applied Physics, 122(3) (2017) 034305.

[15] A. Farshidianfar, M.H. Mahdavi, H. Dalir, Flexural
vibration of atomic force microscope cantilever with
dimensional effects, Amirkabir Journal of Mechanical
Engineering, 41(1) (2009) 19-26, (in Persian).

[16] A.H. Daei Sorkhabi, G. Amjadi, The effect of calcium
carbonate nanoparticles and compatibilizer on surface
roughness and surface scratch resistance of the polyamide
6, Amirkabir Journal of Mechanical Engineering, 51(5)
(2019) 1069-1076, (in Persian).

Effects of tumor necrosis factor-a. on morphology and
mechanical properties of HCT116 human colon cancer
cells investigated by atomic force microscopy, Scanning,

2017 (2017).

[8] M. Korayem, Z. Mahmoodi, M. Mohammadi, 3D
investigation of dynamic behavior and sensitivity
analysis of the parameters of spherical biological particles
in the first phase of AFM-based manipulations with the
consideration of humidity effect, Journal of theoretical

Biology, 436 (2018) 105-119.

[9] M. Korayem, M. Taheri, H. Khaksar, S.H. Bathaee, Using
Micro/Nano Scale Contact Models in 3D Manipulation
of Deformation of Au Particles Under Angular Effect,
Iranian Journal of Manufacturing Engineering, 7(5)
(2020) 33-43, (in Persian).

[10] B. Zarei, S. Bathaee, M. Taheri, M. Momeni, Second
phase of nanomanipulation of particles by atomic force
microscopy using Coulomb, HK, and LuGre Friction
Models, Modares Mechanical Engineering, 19(1) (2019)
181-190, (in Persian).

[11] S.H. Bathaee, Sensitivity analysis of peripheral
parameters in three dimentional nano-manipulation by

using HK model, Journal of Solid and Fluid Mechanics,
9(2) (2019) 123-139.

Eng., 54(4) (2022) 791-804.

DOI: 10.22060/me;j.2021.20300.7210

M. Taheri, Investigation of the Effect of Different Friction Models On Experimental Extraction
of 3D Nanomanipulation Force and Critical Time of Colon Cancer Tissue, Amirkabir J. Mech

o3 £yl o ol 4 g




	Blank Page - EN.pdf

