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In this study, nonlinear behavior of an atomic force microscopes (AFM) immersed in acetone, water,
carbon tetrachloride (CCl4), and 1-butanol is investigated using non-classical strain gradient theory. In
this theory, the size effect of system is taking into account by means of material length scale parameter.
The nonlinear behavior of the AFM is due to the nonlinearity of the AFM tip—sample interaction caused
by the Van der Waals attraction/repulsion force. Behavior of micro beam immersed in liquid is
completely different with its behavior in air and vacuum due to the existence of hydrodynamic force.
The Resonant frequencies, mode shapes, governing nonlinear partial and ordinary differential equations
(PDE and ODE) of motion, stability analysis, boundary conditions, potential function and phase-plane
of the system are obtained analytically in the present study. Furthermore, the results are compared with
the one obtained by the modified couple stress theory. For this purpose, the AFM and the probe at the
free end of micro beam are modeled as a lumped mass. The fixed end of micro beam is excited by
piezoelectric element. The nonlinear PDE of motion is derived based on Euler-Bernoulli theory by
employing the Hamilton principle. The Galerkin method is utilized to gain the governing nonlinear
ODE of motion and the obtained ODE is analytically solved by means of perturbation techniques.

U sbde 0 Yo 2585 b gyl npgal o
9 yb QL-..J » rd)lfc/...;a 6‘):‘ LS“")):‘-“:

g BB el )l dodis -1
bt s 142] aisbe gl o [ Sinl by b ol ln ol 5 sl s Ses

8590 T J Bty iUl iy San (slopiomn 3 T3S gidgl (izmen b it slalasme 0 bogSus,See cpl (el onis gl 5l 1986

2 Nano-manipulation
3 Nano-lithography
4 Micro/Nano-electromechanical systems

Please cite this article using:

‘5441 S99y (_gL(bg_AsS.wj)S.:.n R A.d)f )‘)3 sslazwl 3,90 é)LA 9 > al}b

* Atomic force microscope

s los oaliiw! J23 yle 51 Allio ol @y gla (sl

B. Saeedi, R. Vatankhah, Nonlinear dynamic analysis of an atomic force microscope submerged in liquid based on strain gradient theory, Modares Mechanical Engineering, Vol. 17,

No. 12, pp. 275-285, 2018 (in Persian)


http://mjmec.ir/
https://dorl.net/dor/20.1001.1.10275940.1396.17.12.52.4
https://mme.modares.ac.ir/article-15-9381-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-19 ]

[ DOR: 20.1001.1.10275940.1396.17.12.52.4 ]

olgd oy (yaol) 9 (5 3amw Slyee

GRS OIS 6 985 Yulwlis ilo YIS J9abgt (Hoil (G9 pu8 9w HSae BB Jat Saolia S HUB) w2

1161 wijls alfiole;l bt b oYL s oSG 20 Vb slouils b
Gl 5 $3gee (2lomla sl (Frwl S 35 peke 012 o (nl 2 ogdle
ol S P S (S s olKtales] o 45 (Jlo o S (o
ol Bl gyenl 5l a8 (o0 S0l 5], 1S9 S 232 sl
03,5 oo oolital 15 5See siludue sl Jem ksl e 5l S5
Gl J> iged 5 w9n S5 o bt o o975 Sl [17]
Seolus S ln gy onl 5 el (Sosl anSl> sloyl cYoles
Sl 5l83,90 (S5 5 Sguze Ll i (ola by, Sl jge piee
[18]

hls JSileg xSlgil 19,500 lopiamms ;o ol oolitul sla s
ard e oylis Slislesl ol (g, 15 5 (9,5 ojlail o placalsus
o3l 4y atusly Slales )l g IS0 s cgolnl iz b plapiucw ;o a5
S ol a4 ataly L3, enel cuwvsay Rl mbs sl il o
6oL Ol e daseine ojlail 45T Sley 9wl oo Slge SIS Cools
scnl 5 il s BB 1 Gl s tesle Jsb elie b
S8 o8l 5 (St 4 OB S gy Jae Sl slog555
J19] sl oos 09,50 325 5 09,5we bl b (sbpiasns ;8 ojlasl 4y dinsls

655 T oyt Al ()95 atile KMl (slags,s8
@laylis; plio joboay Azl dguy S (15 (555 5,5 LolS
Lisgi b sl sl ot SholT (6,95 S o ailyl 1 o5lal &y
4 Lo Jsb wbide yolly w6595 (nl jo el ond (Byme [20]
Okl g glusl GLol S (oas iz lal,S Jald 5,500 Slal o slaejl
)5 Lol 6,95 51 [21] el by ol sass 85 s o S
Gl 5555 5 ooliiul b 5 canl 05,8 ooliiul 135 ,See (s3lodoe
A Ll ek pugd S bt d sl Slil) T S
i, [22] &5 el 00,8 owyp Sl amio SogsS Bl 85
oS 5355 ool 1y Iy slas) sbois,Son (Sealis 5 (ool
ool ot Joe g ,See lilss )l [22] Ko el 00,5 oy p 25,5
Oy S el 00,5 w1y (22555 OLolS (58 5 sSidgend (5 9
oS A 55 5 by s See oSl (s nd ¥oles (23]
eobe sl oo ygl cawoay L5 S Lol S (665 bl Sl axas
e 5 ouligyy SR S GholS )9 5l eolinal L [24]
5 ool D13 oy im0 1y (o8] G950 98N See g ,See ol
oo ol Sy K105 553 5en b o 50 53 ol o0l i
0Ll (6595 5l ooliiwl aBl ol 5 (owled (Hhw o] p ogdle 5 aBL
268, [25] o b ailige jL5 s Se (Sl Julod sl (o555
5555 0bolS 6,95 bl [26] Lls gy ouss ail)f 15 S L80s3)|
oibssy il 8 g Commlus a5 conlools lis g ools JI8 )y 0,90 1)
5 31 eslinal U [27] iy nS ol aly o3l & y255,Se ol
[y o3 (597 C9SgSn yo9,Sen (Senlins )1, a8l g hisS 5
ol 08,5 gy

FdSin s bue 4 o mle bas 0 glayype Sl (g5l os
oaiiSlme cope ;U Cod mle lasme ;0 pdgySee IS, Bl

9 Length scale material
1% Non-local Elasticity

U Strain gradient

2 Modified couple stress
*% perturbation

12 o )lais 17 095 1396 sl (w30 SilSo e

9555 SopsSamgSn slo )5 Koo 1 [T-5] 0y e )13 eolina
9 % e i i sle bl Slge LSle g (oloS (o) (o5
ghe Bl 5 SBohol (( Sar @5 hv slaSiy 6 xSol
18] wsl oo i slasl ;o diges

5 Ll als 50 @ il G950 PSS 50 (Sl Sl
e dgly b Sl O jpoa s S iyl Sl 50 i o s sy
3 Ogbee b g, plis (e 0ad @it jlade (nl 5 3550 o
Al S oo e 1) e (058 g0t 09 S5 bl slacdl>
Sl sSang Soo 3,Skae (slie aiiwa [9] 7 pules 55 51 Ll slacdl>
adls 95w 5l (B Bl elaly (oules S e (el (5950
P S by sl o abbos Cgn g Wsed G gyl
Pl plog s ond pula Jladle 5 WS (o0 plag patie (52
Pl 5 slups glyl Jolt Ly slacdl gbige biis i,
Gy S 1) diged 4 iy ol lSel [10] gl o L aiin
3 Sl (s slagaily (i » odle Wlgi oo g wad e alS
Al s a8 weld S ) (S5 g plerd leeosas 350
25 agbige S0 S iSllsty S e b s See [11] s
2 5 I e S S plusi O 4 S b wads S8
b aSoei ool |) s o5 (gysbar 0S5 o0 )8 diged mhaw (Soo3
Al S e s, See | Aisel 5 won e O Gerd Adlr g9y
Jlail i lga s (o asS IS wle laome )3 Wil o (oulel o8 S
Dgbee Slibes 0l 390l o o Sy 4 e

ot 43l g emlidn 5l 0 50 e 0, Jdoay o5yl
oolil gle dazms 5 (lammaeny s dlse ! puliicsny ;5 (S s>
ool @8l Gl plalae Gtz 50 (o5 S9 SlapsSgSee ]
Bime 32825 Jsb )3 1) aiged Gaile o) Ul mle e oS 555k
Smye Sops S mle lame o o sblie Koo 5l canl 0o
Oig 9 Sogll el izan ¢ [18] Ll uily 550 Srals 5 [12]
Jsb 5 wigei sl JsSUge a5 (e 51 [14] st o (gm0 950 @ises g
Co>gdy ol Crge Mz oo C9p S 4 lge e 13 60 g
Con S o4 N gl e 3 s ol Ll s S oe pga
5l ads) pslad wloass S glal CuaS 5 cBs (Rl carge 5 odas
=3 Gay Bl sSs Soe salwgtr mlo bazme ;o 18,5 18 slaaiged
el Son owled Sl 40 a5 (559ba Wil sl Cavods owled Il o
G sy e il yy sl igad 4y Godos Jsb ;0 09y el
OhlSe 5 (reis bawgs bl sl @le b o sl o D> s (ol
ol 3l 6 pSsle pogdle 6,15 b 5l g5 cnl 4o el oa ploil [15]
2985 CohsS g odd Bdo 5 Shol 5 (Soteer @isged 4 0w,
W5 uilS B 4 ol CadeS g 6 0 pgal Sy el 00 i 5l
759550 (Sealad JB8) (o) 9)cnl )0 (K 59,800 Sl
s a5 wed e (las Blisdos wilbior (55972 (5 G985 9SS
P St px ledae gl S gbgiledae 5l Jel>

! static

2 dynamic

% Contact mode

4 Tapping-mode

® Non-contact mode

© piezoelectric

7 Nano-Biotechnology
8 morphology

276


https://dorl.net/dor/20.1001.1.10275940.1396.17.12.52.4
https://mme.modares.ac.ir/article-15-9381-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-19 ]

[ DOR: 20.1001.1.10275940.1396.17.12.52.4 ]

olgd oy (yaol) 9 (5 3amw Slyee

GRS OIS 6 985 Yulwlis ilo YIS J9abgt (Hoil (G9 pu8 9w HSae BB Jat Saolia S HUB) w2

Fawb il 55 g 090 S5 -1-2

et 5 g S oge S0 [B1] 75 - by 3, 5l eslazl bl o
S35 oSl jehite cpl lp pjglise o 1) ol (b uilS )3
b el ol s ol 9 (o

Thax = sz*maXL (1)
1
Tmax = sz (J- pAyZ(x)dx + MtYZ(L)> (1)
0
1 L
Unax = E(J‘ [S(y”(x))z + k(y'"(X))z] dx) @
0

9 Og0 JK& saimolis cuiy 4w g ¥() (2) 5 1) Ly, o
ol b Bl aidlioo (ool (5958 298y S 159 S (il (WIS 2
29,550 2 @) akuly O g0 5T S 950 UKD g,

y(x) = Z Cipi(x) €))
i=1

g, Giye Ll j0 aS eog ol b @ (%) «(3) alad, yo
Ly, 5 3) abal, 6)3Sl b axib o 6 calys o G 5 00,8 oo
WS il @) s )

1 n n

T" max = EZZMU'CL'C]' (C))
1 n

Umax = EZZKUCLC] (5)

i=1j=1
Sobe ey 4 Kij g Mijoas ools plis o¥olawe jo a5 (5 9bas

35 (o0 Bl py SDjgot 503 (S gy Sl Sle

L
M, = f PAG() P, () dx + My (L), (L) )
0

L
Ky = [ st 00} ) + k" ()" () ™
) olio b b able X ke 4 e e ,Sl() ol
3 6,8l 5 (7) 5 (6) L, 5 0wl Cawady S 9 0,2 S sl
ol sty € ol o (raimed 9 @ (el uilS 3 5 alolas
(kij — @?My;)C; =0 ®
390 JS& «3) adal, ;0 B) alayl 3l o] Cewos polis I3 L

ol algs Candds pium

79,50 &8 > 5 oSl (Soeliad Jue -2-2
P9 Sen s S S5 oSl (Soaliyd Wolae (351 Codey sl
23,5 oo 485 S0y j Sles B (o3l 59
L oS yob 4 03 sl (ooil (697 oSy S )15 > -
WS o g, 1) Aged g Culi atals
Lo rizran 5 035 (53,5 35S ST slel & Jate o9 -
oo mle (o3 59 23Sy S 5118
dlon lgyly 9 S g Wged o (hSf 5908 -
ObolS S pé (6,985 5585 Sl 0 b pdgSes siledoe -
2 S Al 5 5550 Laulyd g oud plnil (Jgipmhsl 5 (22558
el 0 sl ysilaad by 5l eoliel b g Sas o
iy 6551 5 stz 51 ML ST 0 00l W) Jow 4z g b
130 5 (o0 drlons 5 O)g0ty (83,5 OLLS (65985 bl g S

¢ Rayleigh-Ritz method

277

28] plyzp asbiss Jum Sl p2 mizen 5 (Sealinagyae
b (o3 S90S Sen yeig S Copmla (nizran 9 (uilig)) (WS 2
A b adlige jsabse L 9,0 o5 (gyeba |y IS bt alade
[20] oaly55 ol 03ls 15 (s 3590 gl (e i 85
A bl Jlew 093 s9absd (o3l 9508 L5Sug S g S LS|
Ol 5 03,8 lo 539,50 Bk g0 4 Jate S pSllynn ¥ g0 28,5
9 0392 990 (pFsles b (led (Fhw sl Jgl 990 45 el 00l
Comlaz [30] J T oo ceamsts 090 opl Sopos b pgas oy
S 5 698 el p oud Jae (oSl (S90 09Sug S S
ol yelil g 03,5 (cwyp | g5 slo @le (99,3 Hpabogd g 4Bl o
el 08,5 11, W dageo ol 5 55 9,5we Jsbo

=5l o P8y S g sSee (b e Slilu)l dlie ol o
555 OkolS SN 8 (6595 5 (I skl 6595 alulz ead Jas
xS A sn 209 (sl s TonS sl ol Togl e
Oz g 89S 2y p oSl (i Olitie b (Sl SYslee
Ol pedle oo Camssty gibeen Jool Jlosl b o] 2 oS> (5500 Lail o5
S¥olae (L2551 ol 090 285 Shaiys b g (SIS by, 5l eslinal b
Jeiliss SVolae @ 255,800 p oSl (S linie b Jeuilio
S osliial b 5 S Gl 0,500, 5 0ol b s 00d pdss Jyane
B, Ll o s Jo bl Sogen tallunr Gibike (b,
o 0 Sglite (owiin sla el Sl 4 g See (at s Sslips
dlio 4Bl Sgny b5 A SN 8 ()98 b @l 5 485 13
Jb 4 b wad pll Glados cw,p 4 azgi b cwl 53 LLE 005 o
owg & 0ol Joo (o3l (5938 D5y Sen S pd SLI)| g9dge
Sl oais plnil mlo fazme j0 9 (o255 QLIS SNt (6595
oSer b pe W, peyn Sue Gwoh nl 0 &5 Gosba
tlos gl Lo ;0 o3l 1 (88 )50 b (el (595 9SS

el Gl -2
el 0a 00l (LS (ooil (5950 09Sg Soom 5y Sm Joto "L JSS"
iy a "D S o el eols lis b (L) Zp Lo sle il b
gl slag)lyeal Sl b (B jome alols g S Job Lo
Cualied g 5980 20 S Sy fawgi (Jleel S 25 (595 Aiges
sl 0ads 00ls LIS Y L 50508 570 9 X Ly (B jymme bl e yolg)Sene

/I./////.///////./JI’

aeo |
v

=

Fig. 1 Schematic of the atomic force microscope micro beam [21]
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Fig. 10 The frequency-response of the micro-beam in butanol: (a)
amplitude of response (b) phase of response
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