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Flexure hinges are widely used as joint linkages for precision stages applied to lithography processes. Among them,
precision stages with 3 DOF (Degrees of Freedom) of x, y and 6, prevail in semiconductor manufacturing and they have
been adopting single directional flexure hinges as mechanical linkages without backlash and debris. However, new
technologies including nano-imprinting, which replaces lithography, needs more than 3 DOF precision positioning stages
that adopt cylindrical flexure hinges. In this study, the cylindrical flexure hinges with circular notches were analyzed using
the Timoshenko beam theory and FEM (Finite Element Method), with focused on their directional stiffness. Based on the
analysis and result comparison between theoretical equations and FEM, several practical suggestions for determining
important design variables are provided in the conclusion of this study.
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NOMENCLATURE
t = Thickness of the Neck of Flexure Hinge
R = Radius of the Notch of Flexure Hinge
L = Length of the Shank
e = Distance from the Center of the Neck to the Shank
z = Axial Coordinate
K. = Axial Stiffness of the Flexure Hinge
K; = Lateral Stiffness of the Flexure Hinge
K, = Bending Stiffness of the Flexure Hinge
K, = Torsional Stiffness of the Flexure Hinge
1. M2
1.1 2y

Copyright © The Korean Society for Precision Engineering

lﬂ— i] Al 040] H]—X—]‘&]—oﬂ EL]-E]— 7(—]13
Zd A 314 (Flexure Hinge)s &8st FU
oz AREEI QI o]’ FAol ARE-
0.9 AH= B LES shvl, BT
&F(Uni-Directional) Z3 4 3l1x]o|c}. Az+
Aol B Wlge wol ARa Hes A7
U QmeE 53 28 A7l YEET Yo ofza
o B S0l A7 WA 5L veke AR olel
HolA7} 24tEm 32GE oo AEo|A|oAe ¥E
(Cylindrical) Z3 A 3127} ARE-EC}.

e e FAs el AL thie] Be A7) K3y
wo] AT AFF FHA Ao tigh A BT ol
£5] m3tHel A 9isk A7) B wiek A7k Wasi.

a4 dxe] AL F2 Sarasdie] oesin gt
BT 2 S Ade) B delolxe] 28 ajHT md

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



152 / February 2022

ol

[T

xQ
g R

% Jo

9 2109 A4S AR o RE Huils
I35k o] Bo] ZaElo] Siek Yong'e]
=g A LHOPO EE AR G FRRLE 1T

\geife) ﬁJ—}Q}A 27\}2 zz\}—a}oﬂ o

T= BE Flo] Zo }/\1 Wu¢] Oﬁl?——— Paros-Weisbord 04:[14 E}E
Fd¥olz} & 4= 911, Lobontiu®e] ¢ Aulze Aok QS 11
23t YRk A4S A eJshH Paros-Weisbord®] Ao} Anprt 2
-2 Paros-Weisbord®] 7}2F24](Simplified Equation)o]
S5 AA|A)(Full Equation)t} ¢ 83tQ Adl4]
St 34 7S Akt Motk Yong'e] A+t
A R1A]19] s at ARt 9] o] Atoll Wk AAl
o] AbEE 7|2 & o] A-tsllt.

I
o
ok

%

>

Dy
(e}

HoH

2

t

o il il)g
o

fr

E
)

I

olgA B FeM AXol AL AT Wt olg 7}
A A ol ATElo] Srovt, 9Ed ZelM X9 vk
QS SR A S Ao 2e A7) Hole B
olol], B QATolA o 24T} fRta S FEstel B
W 2o wAe] AgAel AA W AXskaA gt B
Aol UEY ZM QX9 FHS Ak sHHa
ol Aumel feraaly Avel AP ARE BE
sl A4 Fejot Aol B PETA UL
8 4 gl AN W9l mEvTH Holli] 7120 o
Fohe the EAE )

fz ¢
“Q,

L-"rLoﬂﬂL EP ﬂr

T
lo
o

Q1 A e AR sgolA o] 2EE AR

Fig. 1 Uni-directional flexure hinge

shank notch

Fig. 2 Cylindrical flexure hinge (Circularly notched)
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Fig. 3 Cutaway view of the cylindrical flexure hinge
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Table 1 Stiffnesses resulted from theoretical calculation

R [mm] 1 2 5 10 20
K. [Num] 1284 81.6 47.7 32.7 228
Ko [Nm/rad]  10.86 736 4.54 3.19 224

Table 2 Stiffnesses resulted from the finite element analysis

R [mm] 1 2 5 10 20
K, [N/um] 74.5 59.8 41.5 304 21.8
Ky [Nm/rad]  9.01 6.72 438 3.16 223
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Fig. 5 Stiffness comparison between FEM and theoretical
calculation
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Table 3 Coefficients of the curved-fitted Eqs. (10) and (11)

Paros-Weisbord Theoretical FEM
(Simplified) (Curve-fitted) (Curve-fitted)
o 0.5 0.636 0.376
B 0.5 0.602 0.392
1o%) 0.05 0.054 0.046
Y23 0.5 0.535 0.456
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Fig. 7 Results of the finite element analysis with partially circular
notch (e/R = 0.5)
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Fig. 8 Stiffness comparison between FEM and theoretical
calculation

Fig. 9 Results of the finite element analysis with partially circular
notch (¢/R =0.1)

A o] golA|BE o= Qlg B4l Astrt Uolutr] 4
S A Folelol aek



156 / February 2022

s
Hl
0%
e
O
iz
o
>
Y
w
©
H
Y
N
fo

5 48 REFERENCES
() ¥=H 7y ZAo nEslel B4 A TAO| gz 1. Paros, J. M. and Weisbord, L., “How to Design Flexure Hinges,”
Y L= ZHe QEF Zald 3129 g-8o] wolHig Al Machine Design, Vol. 37, No. 8, pp. 151-156, 1965.
Q] 7lo|=gelo] BE&ste] ElAlE B o237} /313 A3 2. Lobontiu, N., Paine, J. S., Garcia, E., and Goldfarb, M., “Corner-
A Z¥zbo|| tia) 298F 74 Kk 238 74 K2 st Filleted Flexure Hinges," Journal of Mechanical Design, Vol.
2) U8 w2 2L A Zald X B2 @ %] 123, No. 3, pp. 346-352, 2001.
WA Ro|gk= 27l AAHSE JIX B2 t& 1A RS ¥ 3. Smith, S. T., “Flexures: Elements of Elastic Mechanisms,” CRC
S A 32 mES olgslol Hu B4 Kt 39 FPress, pp. 153219, 2000.
7 K Z ARSI 4. Yong, Y. K, Lu, T-F, and Handley, D. C., “Review of Circular
(3) K9} Ko2 19} RAQ] 31eg mdslgon ol21 93ka Flexure .Hinge Dclfs.ign Eq.uatio.ns and Derivation of Empirical
2ajAo] O3 Zho] L Xo]2 Ho|Xi QrkT. O3HR Ad)A Formulations,” Precision Engineering, Vol. 32, No. 2, pp. 63-70, 2008.
o 93t 71Ado] o]2o 3t FrET A ¢k7 A Yot A 5. Wu, Y. and Zhou, Z., “Design Calculations for Flexure Hinges,”
o solsiglnt. ;(g(\)/;ew of Scientific Instruments, Vol. 73, No. 8, pp. 3101-3106,
(4) FA9] Al thet =2k o] Hl(R/ell 2Rt A/dgk '
o] W3l= A3 AJES HolZT QlojA] A TS Eg Al 6. L?bontiu, N., “Compliant Mechanisms: Design of Flexure
Ao omslelon, o g5 Bkt Aol WARS & Hinges,” CRC Press, pp. 110-133, 2002.
Staas)A glole YUEY Zald 1|0 A dZo] 888t 7. Moon, J.-H., Pahk, H. J., and Lee, B.-G, “Design, Modeling, and
9 oz Au Testing of a Novel 6-DOF Micropositioning Stage with Low
A AHE Aoz e . - .
o]t wX]0] ZAL0ZHE O] Aol (@R Profile and Low Parasitic Motion,” The International Journal of
(5) =A2f 1 = R (R) Advanced Manufacturing Technology, Vol. 55, Nos. 1-4, pp.
7} 0.5-1.09] Lol A= 7333k e} 2% olsto| Be AFAS 163-176, 2011.
O =3 A= Hol olo]|A] Sasle = VKSR :,lxl—
SR 1 9] QoA EE0hms she 2ls J_ 6]{_} 8. Crandall, S. H. and Dahl, N. C., “Introduction to the Mechanics
(6) = A7) s HdSE AobA I gt =)o of Solids,” McGraw-Hill, 2nd Ed., 1979.
3t AT AP =22 wAAA ZaA 31x|e] Algz o] . . . .
Zﬂ R 17 A lef 8 9. Shin, H.-P. and Moon, J.-H., “Kinematic Analysis of a 6-DOF
Al B 7]ofskanAt bt Ultra-Precision Positioning Stage based on Flexure Hinge,”
Journal of the Korean Society for Precision Engineering, Vol. 33,
No. 7, pp. 579-586, 2016.
ACKNOWLEDGEMENT 10. Shin, H. and Moon, J.-H., “Design of a Double Triangular
Parallel Mechanism for Precision Positioning and Large Force
B =10 GAsA ou SAsE Sokugietn AdE Generation,” IEEE/ASME Transactions on Mechatronics, Vol.
ol 712 ZhAkE T} 19, No. 3, pp. 862-871, 2013.
APPENDIX
Al S LY (ry=1/2,8=sin" (e/R))
K, = E/2
2
2R ( (é’) 2R/ry+ 1)
arctan| tan > [2R/r, Rsin(B)(R+ry)
3 3 nry(2R+ry)(R+ry—Rcos(f))
751’02(2R+r0)2

A2. Z&! UM (r,=1/2, f=sin"'(e/R))
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E/2

5 3
3 2 2 3 3 2 2 3 3 2 2,3 tan(
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ro2R+7,)’ 7o (2R+7y)

J(5R2+8Rr0+4r02)

e

3ry (2R +7o)

2 3
n(r0+ 2Rlan(§) +r0tan(§f)

+
7 7

T (2R + 1)
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