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ABSTRACT

Nowadays, nano-positioners play an important role in such advanced technologies as atomic force
microscopy, genetic manipulation, nano-metrology, nano-fabrication, semi-conductors, and etc. In this
paper, a dynamical model has been derived for an XY nano-positioner which had been designed and
fabricated in Sharif University of Technology. Because of the way it had been designed, the mentioned
mechanism has been considered as a planar one. First, a finite element model has been developed in
Comsol multi-physics software as the reference model which would be used in the next steps. In the
next step, a lumped 10-degree-of-freedom model — whose mass, stiffness, as well as damping matrices
would be obtained through parameter identification methods — was proposed in order to estimate the
Comsol model. The derived analytical model was verified by the Comsol model for two sets of inputs: a
high-frequency set and a low-frequency one. At low frequencies, the error of estimation was negligible,
while, at the high frequency, the error was considerable. By using genetic algorithm, the error in high
frequencies was reduced to an acceptable amount. At last, the first natural frequency of the lumped
model was verified by that of the finite element model, showing an acceptable amount of error.

Keywords:
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B 3 il a3 plowl @ ] e (S iy yh fais ol
wnal ongy ol B3 b ooiascuaise (GoSu Sy 2Ll am oadipl
spleay 5 andly alf Jod LB jlade 4 g pemeim Il &5 laiSe
3 el 3 a5 5 Al Yo S e & alels Jol 5o il )3
sokie & ol (Soalod gilu e 9 plal (L3 pagy I sadlsl
Sl el T ) 5 e o) S NS s O ) S
$U (o3l SlasSg Son o solinal gl saims Codye G55 g5 0

ilee ShelsSisilion 5 ) tle

dodio -1
b pluat B CoaBen S5 59l gl SB0 by (0CuaBs
s G Ol S Gl sl Gal e el o masl gas
QEaS g 5 ol Raagh S5 @ sl g g S Sl 0 oy
Sloiegs 5l ks plal 5 a2hyiy SVgame I gl 3y 5 ol
ol a3l San ) ja 31 90

PIEge ps Sy (Sealnd 3l Joe 0550 nl pll f Sas
P a8k e 55 goien S aaldl gl 305 cplowl gl cda b



UEass § il Sumw

i) ais pg 81 31 0 3Lkl b (5 piegili B3 L 69093 0 M3 auadge i Kaslisd (53l e

Natural frequency (Hz)

) 5 5 plraly o5 ol 6,500 Agrage 5 wiloe Loy Jlasl
5 g0 Sord

s g o7 sl ipmed Aile T075-T6 pocpagll 5l oS iz
el 0as 2zl [7] e o 5l g0 ilalad Joles

O (1Ko )y ~2-2
Tee Sghe 09 4335 )15 50 b ogaze plall o 45 (59)lse 5l (S
g b 53 ol s d calie TR CEIE- PR L S - JOC |
ol s dglie il (b sun s il 4 it ol e
P plralr g b 52 e & Cl00p g0 (pl 4 8 8,
e O (2l Sad Wi g 00 (68 ol e slagan fe il @
sl 039 sl (g0 e Sl

ol |y ilisee glagan e sl & (2o ol Ken 2 2 IS8
s s b (I gonaa L (3ges e JSU (nl 3 aed o
Sl o olaad a5 0g8 axgi b e g0l Sl 0 olass goaias ey sl
9 bledl (gl a8 el IS5 w50 5 bl Slass @y aadly sl
Olye & ead adly Gl ganghe JS5 Gl 0 ghee a5
oM b oz te ol 3 JKS ol ad il i Syee (suz b
.-.L&b.!dn

ST d> 5310 Jow -3

oud st JgmalS oo et glp goll az 0 10 Jua SO aalsl s
by ol dss 10 Jawror 8 Jibiy Jaunl Jacclil o4 JE5 sk
5 B L) 0 &5 0ad LS5 S pema 02 5 51 Jie cpl e e Lo
g Ll 0y oo ($39es

450 L T T T T T T
400+
350F 1
The Chosen Meshing
300F / 7
150 1 1 I 1 1 1 1
0 1 2 3 4 5 6 7 8

Number of degrees of freedom solved for %107
Fig. 2 Mesh convergence study
e 2 oy 2 S0

Fig. 3 The meshing used in Comsol model

JaualS” 13800 5 35 aolinal 590 (gony te 3 50

06 o louds 18 009> 1397 )5.‘).@» R Se Sl WAy

slra wols a4 bape s bl @ 55 jes gloana; o
oolizul pdscillasl slopsulSe 1 e clo sbppilss ;I esliza!
Syane Jolin 5l aslinul sl cpisilan! slapsilss ;o (1] 553
Jelis o 08 oo eolial plscillassl Jolis 3l o oYy Jolie als
$42 0 somilis Sjgoty b e iz g0 Jlail (25 S L padlad]
S o w2l 8 1, 5o 90 3]

oslizal JS 5pl, 90 5 pdscillasd (gloprilSa (s3luos sl
28 g eddaisle a3ilSls o5 cul cilis G jse o ol gl 0sd e
4 g Wlr S & s S B Bl 0yl 0l ol Lo
ol oeb e a3loy SIS 2lb 4 ssslcwisa il 8 Al SaS
204z 5 5 aoliculs a0 (silw e (sl [3.2] baugi Jlaglgieas ol
odliznly g0 Wloats a23lu jou o lapsslSe sly 5 A pgo 0l
& ol oadazsloy o 4 [4] a2 e 10 45 spal, Gl 5,8 0 3
eSS ole a4 s aSh pioled ppSe gilussls
shls Jeolie ¢ lesd 0 052ge Blasl Jdo 4 &5 1) g Cillagl
B Y oL T Py RV PRGN B [ [PPSRV S
ol ot ool [6,5] &¥Es 5o (g3l Joe bg,y ol ASS e

el odlinl 350 p3lSe o Gl S 2l Rl Sy
Sl a8 ol sud 2l glaigfay prilSe cpl ol aziS o5 ebilen
S B Al 5o o ol @ g ons anaS 0T 5o (5 9mme
2,05 052g prilSe cpl (glp alejl Il e ol oas o abas )
dlawi b pjuilfe ol om sl sud ad Sl o o1 sl pee oyl
A dwle il olas ad g 5 up > g3g00

Jaeel” 5l 90e 5 53 (Gl S -2

W S5l 9 5105 o550 byl -1-2

e T S e A e A Tl e 1
‘JJLAFD Sl 005 LJL;.;‘ ‘\:-JLI .L:j na)s;' )5_“_.[& ‘SLBJ.':U = JS..’.'; u._i“ Pol

_ LoffL
Fp"_ Piezo Stack | "U:p
—— e ——

|

-

—

oS 0731

Fig. 1 Boundary condition, the loading and probes
Loy s L wgse b2 1 5

! Fixed

140



OlSad g ol S 50035 S 3 0 3Makanl U 6 3h0gili 183 s 0157893 03403 Ersadye s SKsaliz 3o e
my 0
w70 -~ B B
0 s My

P& see obodbmy oMy slps ol ol g0
..\.'_l-lsn e b el oLl g 4 gam slacawd

C 2l o ile L',D),T Cowd 4 -3-3

ok Jae ol ol sad solioal by ol Jow 5l dllae cpl o

wans eolprio () gables Syso !y Ll

C=aM+ pK )
a bl lbd ) SeS @ ae s o @ glall

Al ge s

W oyl cymocis —4-3
Segn il o el gz e Joe Ko s lamall ol Lot ol
ol slaclsr jl g ous €85 i 0 a2 e Joo Gl & JpeolS Joo
stlilid gy il ot oolizl oad 53 glajzell (alulid sly
" 5099 S S JealS Joo Tl 8 ol i ol 4 Lol
b g ki 158l 5SSy aalsl o 109 g0 2 0 (o295 5 0550 00l
oo clo el )l (JouslS 5l ool sy Dl 5 (28 (0339 3l eolizad
gt ga grlalit

plol S pysfl (B g e Sl S8 e el b Lol
bt Slupe Jiho o) 80l g L el adgl Jlads 5 ol e
RUNI RV APR R IRV e

O S5 32 5 pres 008 Jlo i Sl i 0925 S (JSS 0
2 bl i b 255 00 caalie oS jsblen load ) aze &b
430 al> 1o 3l Iogu 5 azily (20lS ayje b oS5 02,650 ol
4 g oale Sl oo lafelly jlaie S5 pm)sfll a1 Ken b
ol cos

ooysl 1 Jgum o oSy o yof)l dawg oael caws 4y sloymal )y
G &y JolS g0 Lo Joe ezl b ol o] coss 4 b Laiload

LN PRV L YUY KV B SORLIC SE VYN ETRLIPUW S LA odal

XV ROUWEP TR RPRgE SWIOE S-p

el 00 (ST D les )L',él‘n_,i @t; L ol Cawsd £ Jd.a El-_;

f;\sea““%ﬂm_ " i

o
o

e
=)
T
L

e
Yy
T
L

Scaled Value

«-m
-=m
of 2 -
“+a
02 -3 E
04 L
06 e ] 1 I I I
0 10 20 30 40 50 60 70

Iteration
Fig. 5 changing in parameters during Genetic algorithm execution

S il glyzl e 3 bl e § Y

! Rich Input

141

() (=)

Fig. 4 (a) Comsol model (b) Lumped model
‘_galj] a0 10 Jaw (©) JgualS Jow () 4 505

MX +CX + KX = F M

A2 e plis |, ‘_;alﬂ a0 10 Jaw 5 oSl gaobes (1) salolae

K 5 @lpe 10%10 uile C oy 1010 L jle M dolae ol o

lop,> ool ax o (goamms Las X oy ol o i 10X10 e 5l

Sl e dalsl jo adl co bap > o00)ly (G950 samar L F lap 4
Wloow] Ced by gl e g e up >

K i (o 5o (30 591 s 45 -1-3
el 0 dalome (cayi e ile ol o i s ile 0,90 Cs @ gl
P e IS m 4 a0 JealS Jliles o jslane ol
G ez sad olraly e g 0ud 3l 5500 Gogee b (B sl
o5 omele | g S alase 25 Bl ol )l sl s
i gl w0y e (535 e b Solyg o Sl 0ol Jol>
Jol slageie lal e, ol o ...Lghlu_a Cewd & 2) alolae jo alol>

sl 00 0091 000 b (o (Sl ygis s § oy b

K(:,1:5)

1 0.1700 -0.0021 -0.0597 0.0076 0.0047 7

-=0.0021 0.1700 09694 —-0.0197 -0.9740

—0.0597 0.9694 17.91 09011 -14.81
0.0076 —0.0197 0.9011 0.557 0.895

_10.00447 -0.9740 —14.81 0.895 17.94
| —0.007 —-0.02 —(0.88 —-0.515 —-0.907
-0.021 —0.002 0.041 —0.006 —0.057
-0.972 0.035 0.735 —-0.039 -0.862
-0.019 0.002 —0.04 0.005 0.057
L 0.969 -0.07 —0.86 0.05 1.07
K(:,6:10)

r —0.007 -0.021 -0972 -0.019 0.969
-0.02 —0.002 0.035 0.002 —-0.07
—-0.88 0.041 0.735 -0.04 -0.86
—-0.515 —-0.006 -0.039 0.005 0.05

_| -0907 -0.057 -0.862 0.057 1.07
~| 0557 0.0058 0.039 -0.006 -0.06
0.0058 0.557 —=0.901 -0.515 -0.894
0.039 -0901 1792 0.89 -14.8
—0.006 —0515 089 0.556 0.91
—-0.06 —-0.894 —14.8 091 17.93
2)

M pyr o 5l (30 )31 o 43 -2-3

Olg e i alie 4 S5 55 54 3 2 claps oS ol bl o
Glalas i as o uile nlpln 285 a0 Jlpea bl ol e
2 dalex (3)

06 O)Lmi) 18 009> ;1397 )}.\).J(U) WRIS» ‘_:ulxc WA



wblEas g Sl Sumw

i 'Ah_),ﬂljl oIlaiwl b (5 plegili B3 bt 0 )99 00D Ziusbgs rhn”uuu[&nhe.b Silw s

80 T T T T T r T T T
- 4f
€
2 2} —Comsol Model 4
g -- Matlab Model |
. L 1 f L L L 1 f 1
"] 01 02 03
02
E o1
3
= 0
E a1
0.2 [}
02 04 06 08 1 015 01 005 0 0.05 01 0.15
t(s) error (um)

Fig. 8 system response to low frequencies after Genetic algorithm
execution

S5 e ol sl 5l am ol (3 50 pree 20l 8 IS5

T T T T T X T T T

s
E e TR { FI:I,QI;H'& |‘|J'1\I A ,f{f”“\j ;ﬁd]ﬁl‘ f' m MJ
= VMY o | it
Ko *,-ft."rﬁ'l’rm# i W}f n‘ ' b’l« MY Matiab Model | ‘ﬁ""
ot L ) | —Comsol Model
0.44 048 0.48 0.5 0.52 054 0.56 0.58 06 0. 52
t(s)

error (pm)

02 04 06 08 1 -15 =10 5 0 5 10 15
t(s) error (pm)

Fig. 9 system response to high frequencies before Genetic algorithm
execution

S5 g (sl 5 b Wl S5 53 s Gy 9 JSCB

ol 00D mili.owl:.laﬁ

Jsls Jtn (gnarls iS5 -1-3-4

Sl 1 JsmmalS Jow 5l edal css 4 Jgl e WilS 3 11 S
Alp el o8l paie SO ol e a5 sbolen a0
o ekl cs 4, 257.8 Hz

kel oo (orub uils 3 -2-3- 4
ez ey bad Laly, 5l Gl o xS 3 0051 s @ 8l
odol Cews @ ol gy smmb 53 Tanl ol sad aslizl [8]
Al
Jil sl 65 rad

= VMK 22T ) = 1600, 8—=2547Hz &

L 1.2% o> ;0 Jsl omeab S5 8 008 o o.ml...n 5o a5 jeblen
Jue g Lo Jas oo waif,s 2 Jgaz 00l B JgunlS Jas
wdiloads dslie o b JouelS

g | @) gally olg e 5 o

S Ao -
WS Djge i )0 lee dlie o

oS Joo g (Ll Jas ol (ol 1S3 amslin 2 Jgur
Table 2 comparison of the first natural frequency between the
analytical model and the comsol model

1400 T T T T T

1200 PEE00

Cost

Iteration
Fig. 6 changing in cost function during Genetic algorithm execution

Sy sl sl e g0 ause gl i 6 S

00 033 50a35 (sl el polia 1 Jgur
Table 1 The value of estimated parameters

bl Sl
a 0.62777
B le-4
my 32.103 gr
m, 1.05 gr

Jil oreele (5 3 Joe
254.7 Hz el Joe
257.8 Hz sgaoma 2l Jow

06 o louds 18 009> 1397 ),.\).un R Se Sl WAy

omb o L g aeseme Sy sl gl 0 8 l Sl
SSs b mlss g o Jlool JLbod Jou g JowslS Jou 4 25 rad/s)
Yo 58 (695, Gyl 4 ) ed v gdls e o diload anglis
Jol e il ol sdl> e o ol a3 5 Ojee (1000 rad/s)
sl sad tlia oS Jo ! stesds 15 b JgunslS Jon

21l G159 53 (s lio ~1-4
o9 @il 4|y Gl Jue ..Jr-ﬂ'f ol ganlie 8 57 glaJss
ed oo sdalie a5 jsboles ass s lii 25 rad/s) b WS,
1l 3l an 5 98.5% il o S o sl sl 1 S e 28s
S s

) 0399 99.8%

Yu ,.sl.buuils)é 39 dnslio -2-4

Slil @l Ghelos Jae s Jousll mls galis 10 S5 5 9 5o
samlie 45 )}bam A2 oo OL\:A.; (1000rad/s) Lﬂl.g u...;lf)s 5399
)‘l da g 92.73% j'f_ J:.'.'.uj r“:-!»i"' dl}"" )| LJ..j U.:.o.'n.'i LR bés.-:)‘_’a
] 834 99.1% ‘,.gl).: \_(.:_'.'_i) p-:-_‘,)jfjl ‘51)5-|

b iS58 Al -3-4
e sl (ol (3 b JgdlS Jo J5l (ol (58 s (0l 50

L T T T T T T T T T
- 40f
g
= ?“W —Comsol Model ]
> 9 - - Matlab Model 4
20 1 1 1 L 1 1 1 1 'l
0 0.1 02 03 04 05 06 o7 08 08 1
t(s
, (s)
-
05 600
E 8
il & 00
g £
© 05 = 00
-1 0
1] 02 04 06 08 1 15 -1 05 0 05 1 15
t(s) error (um)

Fig. 7 system response to low frequencies before Genetic algorithm
execution

S5 02,8 25 B Gl el 50 R By T S

142



Ve 9 il Samu

35 (kg 31 0 3ikanl L 5 r1agili a8 L ©J97ag:3 03 Tusadpn i ,Sasli (5l ke

a2 3 10 Jow g 3500 Izl Jow 050 0.9% 0> o s sls -6
W slolS 3 5 (5313
Jgmetls Joo b (Lo Joo Jgl ol il 000 1.2% slla> -7
A2 Jsaz)
b Gl M Jae S gl egh nl el o jskise
oy e S35 1 ol 5 45 il eSS 5 Lo Sosalie
g (g jloesly

e S yg8 6
(Ns/m) ol myle C
Ny g8 F
N/m) oo e K
k) oz il M
m) solilaz s ¥
g mle

Skl o M il e @
@l pK by B
@ad/s) ol e O399 pll ool 3wy

&&lw -7

[1]D. C. Kemeny, L. L. Howell, S. P. Magleby, Using compliant mechanisms to
improve manufacturability in MEMS, Proceeding of. American Society of
Mechanical Engineers, pp. 247-254.

[2]Y. K. Yong, S. S. Aphale, S. O. R. Moheimani, Design, Identification, And
Control Of A Flexure-Based XY Stage For Fast Nanoscale Positioning, JEEE
Transactions on Nanotechnology, Vol. 8, No. 1. pp. 46-54, 2009.

[3]M. Maroufi, A. G. Fowler, A. Bazaei, S. O. R. Moheimani, High-stroke
silicon-on-insulator MEMS nanopositioner: Control design for non-raster scan
atomic force microscopy, Review of Scientific Instruments, Vol. 86, No. 2, pp.
023705, 2015.

[4]L. L. Howell, S. P. Magleby, B. M. Olsen, Handbook of Compliant
Mechanisms, pp. 29-79: Wiley, 2013.

[5]S. Awtar, G. Parmar, Design of a Large Range XY Nanopositioning System,
Proceeding of ASME, pp. 387-399.

[6]S. Awtar, Synthesis and Analysis of Parallel Kinematic XY Flexure
Mechanisms, 126 Thesis, 2004.

[7]M. Goldfarb, N. Celanovie, Modeling piezoelectric stack actuators for control
of micromanipulation, JEEE Control Systems Magazine, Vol. 17, No. 3, pp.
69-79, 1997.

[8]S. S. Rao, Vibration of Continuous Systems, pp. 33-67, Hoboken, NJ, USA:
John Wiley & Sons, Inc., 2006.

143

—Comsol Model
L 1

&
S

¥, (upm)

1 1

044 0.46 048 05 052 054 056 058 08 062
t(s)
E. 3600
= c
400
:
G- £ 200
- o
o 02 1 -15 -1 -0 05 1 15

5 0
error (um)

04 06
t(s)
Fig. 10 system response to high frequencies after Genetic algorithm

execution

S 2050 gl 31 Y ol 8 53 s ol 10 JSC

Eigen Frequency=257.8

Fig. 11 First natural frequency in comsol model

Jmals Joa )3 Jyl coamrle 83 11 S

Joe glse 4 JawnlS Jl38la 5 (0 sgase Il Jow S sadl)) -1
s

a0 Joe e (gl ool az 0 10 Jow S olgai, -2

£S04 550l S8 sal3l 4y 10 Jow sl el b sloliss -3

el 5 Syge & gy onl @b

az 5 10 Jas g sgazma Izl Joe 0 0.2% 0> 5 peesd gllas -5

fomtly Sl s sl

06 O)Lmi) 18 009> ;1397 )}.\).Vuu WRIS» ‘_ﬁ.\lxo WA



