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ABSTRACT
This paper presents the dynamic modeling and design of micro motion compliant parallel
mechanism with flexible intermediate links and rigid moving platform. Modeling of
mechanism is described with closed kinematic loops and the dynamic equations are derived
using Lagrange multipliers and Kane’s methods. Euler-Bernoulli beam theory is considered
for modeling the intermediate flexible link. Based on the Assumed Mode Method theory, the
governing differential equations of motion are derived and solved using both Runge-Kutta-
Fehlberg4, 5th and Perturbation methods. The mode shapes and natural frequencies are
calculated under clamped-clamped boundary conditions. Comparing perturbation method
with Runge-Kutta-Fehlberg4, 5th leads to same results. The mode frequency and the effects
of geometry of flexure hinges on intermediate links vibration are investigated and the mode
frequency, calculated using Fast Fourier Transform and the results are discussed.
© 2013 IAU, Arak Branch. All rights reserved.
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1 INTRODUCTION

OMPLIANT mechanism with parallel structures that provide the required motion by flexure hinges, have

been adopted in many small-scale applications. In order to use flexure hinges, compliant mechanism makes
smooth motions without problems such as friction losses, need for lubrication, hysteresis, maintenance, and
drawbacks. Clearly, precision is the most important factor for micro positioning applications[21].

For this purpose, the flexibility of link improves accuracy and some other characteristics of manipulator such as
minimizing the energy needed to run the manipulator, increasing speed, and reducing the internal stresses and
displacement [24, 26, and 27]. In the case of flexible manipulators, Zhou et al. [28] established dynamic equations of
flexible (3PRS) manipulator for vibration analysis using the finite element method (FEM).A dynamic model was
developed based on FEM for a 3-PRR planar parallel manipulator with flexible links in reported works [29, 30].

The basis work of the flexure hinges was presented by Paros and Weisbord [6]. In kinematic and dynamic
modeling of compliant mechanisms, the Pseudo-Rigid-Body Model (PRBM) approach is the almost unique method
that is used in most of researches. The PRBM is used to predict the displacement of compliant mechanism and
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models the flexure hinge as a revolute joint with an attached torsional spring. Considerable results from applying
this concept to compliant mechanisms have been obtained by Anathasuresh and Kota [7], Murphy et al. [8]; Saggere
and Kota [10]; Yu et al. [20]; and Kota et al. [11]. However, the flexure hinge has also translational motion although
the amount of axial deformation of flexure hinges is small [2].The accuracy of Pseudo-Rigid-Body Model is reduced
when the x and y deformation of flexure hinges are ignored [3, 5].

Most of the previous studies modeled the flexure hinge by using 1DOF for a revolute hinge. However, the
flexure hinge has also translational motion even though the amount is small [2].The accuracy of the kinematics
predicted using PRBM is reduced when the x and y deformation of flexure hinges are ignored [3].

Flexure hinges have different profiles [1], but circular hinges have been widely used in compliant mechanism.
Paros and Weisbord [6] and Rong et al. [12] derived analytical compliance equations of circular flexure hinges. Her
and Cheng [13] used finite element approach to numerically determine the rotational stiffness of circular flexure
hinges and developed a linear scheme for displacement analysis of compliant mechanism based on the PRBM
method and linearization of the geometric constraint equations of a compliant structure. Lobontiu et al. [16] derived
analytical equations to predict the compliances of the corner-filleted flexure hinges along all three axes. They used
Castiglione’s second theorem to derive the compliance equations and they found that corner-filleted hinges could
deform more but induce lower stresses than that of circular hinges.

Shim et al. [17] derived a kinematic model of a six-DOF micro-positioning parallel. The model was derived
using the PRBM method. However, they did not compare the analytical model with FEA simulations or
experimental results. Ryu et al. [18] developed a XY6 compliant mechanism with three piezo-actuators. Zhang et al.
developed a 3-RRR compliant stage. A kinematic model of the stage was derived base on PRBM and x and y
deformation of flexure hinges was not considered in the model. Yong et al. [3, 4, and 5] presented the kinetostatic
model of a flexure-based 3-RRR compliant micro-motion stage and investigated the effect of the accuracies of
flexure hinge equations. Two cases were studied where two kinetostatic results were obtained using two different
sets of flexure hinge equations and then kinetostatic results were compared to the finite-element-analysis results to
verify their accuracies.

Y. Tian et al. [22] developed the in-plane and out-of-plane stiffnesses of the flexure hinges derived and the
influences of the geometric parameters on the performance of the flexure hinges are investigated. In this paper
dynamic analysis of a compliant micro-motion stage mechanism with three flexible intermediate links is presented.
This mechanism has 3+ 3r degrees of freedom. The 3RPR links arranged in parallel and each link has 2 circular
flexure hinges. Each intermediate link has been treated as a Euler-Bernoulli beam. Structural dynamic equations of
the proposed compliant mechanism are derived based on Lagrange multiplier and Kane's methods. Also the AMM is
adopted to discretize the distributed dynamic system of the manipulator system with flexible links and solved using
Perturbation method and results for the deflection of the intermediate link is compared with Runge-Kutta-Fehlberg
4,5th. Further, numerical simulations are performed and the assumed mode shapes and frequencies of links to be
obtained based on clamped-clamped boundary conditions. The natural frequency for each assumed mode and the
effects of hinges length on vibration of links are investigated.

Fig. 1
Modeling of parallel micro-positioning compliant mechanism.

2 COMPLIANT MICRO-MOTION SYSTEM CONFIGURATION

The present parallel compliant mechanism consists of three chains that connect the end-effector to a fixed base. The
three chains are 120 degree apart from each other and mechanism also has a symmetrical configuration. The
compliant micro-motion mechanism illustrated in Fig. 1. The end- effector translates along x and y axis and rotates
about the z axis. The first flexure hinge in each chain is modeled as having 2DOF hinge. Consequently, first hinge

© 2013 TAU, Arak Branch
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assumes that the flexure hinges in the mechanism act like a 1DOF revolute joint and a 1DOF prismatic joint and the
second flexure hinges in each chain is modeled as a revolute joint. The shape of the circular flexure hinge is depicted
in Fig. 2.

In order to facilitate the formulation of kinematics and dynamics, all coordinates and loops are shown in Fig. 3.
The three chains are 120 degree apart from each other and mechanism also has a symmetrical configuration, and
thus is less sensitive to temperature gradient that could change the kinematics of structure due to material expansion
or contraction. The B,C, are assumed flexible. The first revolute joint in each of chains is active joint and other ones

are passive joint.

(a) (b)

Fig. 2
Schematic of the flexure hinge (a): Real model, (b): Mechanical model.

3 KINEMATIC MODEL

Loop-closure theory incorporates the complex number method to model a mechanism.

From the loopl,

mdz +L_2+CIC2 :_A]4—H+I+L_l ey
From loop2,

AB,+U,+L,+C,C, = A/A +AB,+U, + L, (2)

where L,L,,L, are the length of links and u,(t) are axial deformation of flexure hinges. Since the angular

displacements of the compliant mechanism are small, the small angle approximation of cosine and sine functions
can be adopted, which sin(f,)= g , cos(f,)=1. By using real and imaginary component and trigonometric

identity and some mathematical manipulation of the Eqs.1 and 2 can be simplified as:

liex COS(t, ) =l sin(er, ) B, + U, cos(ar,) — U, sin(a, ) B, + U, sin(a, ) B; — U, sin(e, ) B, +
L2 COS(O!Z ) - Lz Sin(az ):Bz + C2C3 COS(CXCZ% ) - C2C3 cOS(O‘czc3 ):BzolcZ - C2C3 Sirl(O‘czc3 )ﬂz -
C,Cysin(a o ), = A A cos(ay » ) — e cos(@y) + e, sin(ay) B; — U, cos(a;) + U, sin(e;) By

~L, cos(a;) + Ly sin(a;) 8, = 0

(3a)

and |

reduced to:

cos(a,) + L, cos(a, ) + C,C; cos(ac ¢ ) — e cO8(ay) — Ly cos(a;) = A A, cos(axy 4, ) , therefore Eq.(3a) can be

flex flex

U Sin(as )ﬂ3 —U, Sin(az )ﬂz + (_ Sin(az )ﬂz + Sin(a3 )ﬂs )I flex I-2 Sin(az)ﬂz + L3 Sin(as )ﬁ3

Hsin(g o, ). —sin(tg g, )z, JCoC, +U, c0s(@,) ~U; cos(a, )+ C,C, cos(e ¢, )fadte, =0 ©b)

Loop equation obtained from the imaginary component of Eq. 2 is:
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|
u, cos(a,)f, + L, sin(e,) + L, cos(a,) B, + C,C; sin(a, ) -

C,C;sin(e, ) Srx, +C,Ccos(ag ¢ ) B, +C,C cos(ac ¢ e, — (4a)
AA sin(@, ) = Lo sin(a;) =g, cos(a;) B; — Uy sin(a;) — U, cos(a; ) B

—L, sin(e;) — L cos(e;) B, =0

sin(a, ) + 1, cos(e,) S, + U, sin(a, ) + U, cos(ex, ) B, +U, cos(e;) B, +

flex flex

and |y, sin(@,)+ L, sin(a, )+ C,C; sin(ac ¢ ) — g, sin(e;) — Ly sin(a;) = A Aysin(a, , ) - therefore Eq.(4a) can be

reduced to:

—U, cos(a,) f; +U, cos(a,) B, +(cos(a,) B, —cos(a;) Byl g, + L, cos(a,) B, — L cos(a;) By +

(cos(ac,c, ), +cos(ac ¢ )ac, )C,Cy —C,Cysin(ac ¢ )f,ac, +U,sin(a,) —U;sin(a;) =0 (4b)
According to the above simplification Eq. (1) can be obtained:

u, sin(e,) B, — U, sin(a, ) B, + (—sin(e, ) 3, +sin(e,) )l e — L, sin(e,) B, + L sin(e,) 5,

H(=sin(age, ), —sin(e e ), )C,C, +U, cos(a,) — U, cos(e,) + C,C, cos(cg 0 ) fote, =0 )
—Uu, cos(er,) B, + U, cos(a, ) 3, + (cos(ax,) f, —cos(ex,) B e + L, cos(ar,) B, — L, cos(er,) B, ©

+(cos(agc, ) B, +cos(acc, )a., )C,C, +U, sin(a,) - U, sin(e,) - C,C, sin(ac ¢, ) f,ac, =0

In which ¢ , dcc and @, , are arguments of vector C,C,, C,C; and A A measured in the global X-axis

and |

mec 18 the length of the first flexure hinges in each chain. In the above equations ¢ and u; ,i=1,2,3 are

unknowns. Therefore, there are only four unknowns which required only four equations. For the compliant
mechanism, there are three inputs that are given as the function of three input rotations. These are in turn by turning

a function of the PZT displacements, | I |, . respectively. The three inputs are:

Ipzt > "2 pzt > "3pzt

p== )

where d is distance from A to the center of piezo-actuator and I_. is input displacement by the pizo-actuator.

ipzt

Table 1.exhibit all parameters of compliant mechanism.

Fig. 3
Coordinate system of the 3-RPR parallel compliant mechanism.
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4 DYNAMIC MODELING

Lagrange multipliers and Kane’s method adopted to derive dynamic equation of motion of parallel the compliant
mechanism with three flexible intermediate links. For the Lagrange method the total kinetic and potential energy are
evaluated and for the Kane’s method quasi velocities and acceleration of the center of mass for each flexible link
must be evaluated.

4.1 Kinetic and potential energy of ith links

In this paper, for the intermediate flexible links, the dynamic equations of parallel compliant mechanism are
developed using Euler-Bernoulli beam theory. One of the links as shown in Fig. 4. The component W,(X,t)

represents the transverse displacement of link i"link at a distance x from the joint coordinate system along
the X axis. a; + f;(t) represents the angle between the link and the horizontal axis and u, (t) are axial deformation

of flexure hinges.

Fig. 4
Compliant mechanism with flexure hinge and flexible
link

The total energy of manipulator system includes the kinetic energy of flexure hinges, flexible intermediate link
and moving platform. The position vector relative to an inertial frame can be written as:

‘o {cos(ozi +B) -sin(e; + S, )M(Ui () +x+ Liflex):|

CLsin(e+ ) cos(a+B) || W(xt) ®)
and derivation of Eq. (8):
o _[cosa+B) —sin(a; +4) (W, (X, )3+, (1) o
- sin(e; + ;) cos(a; + ) ,BI (U () + X+ Ligey) +V\~/i (x,t) ©)
ith
and velocity of i intermediate flexible link is:
. .2 . . 2
Vit =[ 5O -WDA ] +[ B +x+ L )+ W XD 10)
which i=1, 2, 3 in above equations. The total kinetic energy of system is:
T =Tho + T + Tp (11
T, is kinetic energy of moving platform and T, is kinetic energy of flexible intermediate link and T, is kinetic

energy of flexure hinges. Then kinetic energy of flexible link and flexure hinges can be obtained as:
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3 Litink

I|nk = Z j. l[ﬁi2 (2XLierx + ui2 (t) + 2ui (t)X + X2 + L|2fle>< + 2Llflex i (t) + (VV (X t)) )]dX +

=l (12a)
13 Litink

Ez f (DL, (2, OW, (X, 1) 4+ 2XVW, (X, 8) = 20, (W, (X, ) + 2L W, (X, ) + U7 (1) + (W (%, 1)) Jdx

3 L flex

o =5 2 j Po (U2 (1) + B, (1) + L)) (12b)

and total kinetic energy is written as:

3 Lﬂex

j PolU] (V) + B (1) + Ly )X +

D | AL (X + U7 (0 + 20, (X + X + Ly + 2L Uy (0)+ (W (6, 1) Y]dx +
o (12¢)

%i j (LB, 2u; (OW, (X, 1) + 2XW, (X, 1) = 20; (W, (X, £) + 2L W, (X, 1)) + U7 (£) + (W, (X, 1) Jdx +

;m(x)+1m(y)+ I(H)

In which p, and p, are mass per unit length of flexure hinges and mass per unit length of i" link, respectively.
In addition I, is mass moment of inertia of the platform around the center point P, m, is the mass of the platform,
x, and y are positions of platform along X-axis and Y-axis direction, respectively and ¢, is orientation of platform

at the mass center P.

4.2 Potential energy

The potential energy was ignored due to gravitational force because it does not change during plane motion of
compliant mechanism. The potential energy of intermediate link expresses the internal energy due to bending and
the elastic deformation of the link. According to Euler-Bernoulli beam theory, the potential energy of the
intermediate link is given as [23]:

Ilnk

L& W (xt
Ez J Eili(#)zdx (13)
i=1

0

where E; is elastic modulus of the i" link, and I; is the second moment of area of the i" link. In order to obtain
potential energy of flexure hinges, they are modeled as revolute and prismatic joints with constant torsional and
translational stiffness k., and k All the first flexure hinges in each chain are assumed as a combination of

torsional and translational stiffness and the second flexure hinges have just torsional stiffness. Using the formulation
presented by Lobontiu, the rotational and translational stiffness of circular flexure hinge can be estimated and given
as [15]:

xflex *

: A 24R t(4R +t)(6R> + 4Rt +t7) + 6R(2R + 1) t(4R +1)
(04

= X
ot M,  EDUQR+1)(4R+1)° arctan(, [1+ ?)

(14)
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LM 1[20R+D) /Hﬁ_z) s
I(xflex Fx Eb \/t(4R+t) t

and potential energy of flexure hinges can be estimated as:

1 1 1
> kxflex (ui (t))2 + E k'91i flex (ﬂ| )2 + E kHZi flex (9p )2 (16)

Vflex = 2

In which k‘gl fiex 18 torsional stiffness of first flexure hinge and k‘gZ fiex 18 torsional stiffness of second flexure hinge.

The total potential energy of the system given as:

ifm W (x,t)

1 1 . |
E i=l ‘f[ =l o’ )2 dX+EkXﬂex (Ui(t))z +5k5“f|ex (ﬂ' )2 +5kﬁz.flex (ep )2 17)

The above assumption for flexure hinges when the first flexure hinges is designed with only 2DOF by
fabricating a relatively thin neck-downed section of the flexure hinge and the second has 1DOF by fabricating a
relatively thick neck-downed section.

4.3 Dynamic equations of motion using Lagrange multiplier method

The governing equations of motion are derived using Lagrange multipliers method. The Lagrangian is computed
using kinetic and potential energy as follows:

L=T-V (18)

The dynamic equations of compliant mechanism with flexible links, using the Lagrange multiplier method is
given as [23]:

aT AT -V) (19)

aq. aq

A=+ Zlkaﬂk

In which Q, is the generalized force and A4, is k" Lagrange multipliers. The method of assumed mode is

applied, and flexible deformation of the i" intermediate link can be expressed as:
W, (x,t) = ;6” ®@; () (20)
Functions §,(t) can be considered as generalized coordinates expressing the deformation of the linkage and

functions ¢ (x) are referred to as assumed modes. The clamped-clamped boundary condition is assumed for the

intermediate links. The eigen function of clamped-clamped beam was derived based on Euler-Bernoulli beam
theory. According to Euler-Bernoulli beam theory, position-dependent mode shape function for clamped-clamped
beam is selected as [19]:

9,0 =cosh( ) - cos("1%) ~ o sinh 1) - sin 15 e

and o, are [19]:
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o = cosh(7;) —cos(77;)
' sinh(n;)-sin(z,)

(22)

In which 7, is the root of the characteristic or frequency equation, and frequency equation of clamped-clamped

beam is given as [19]:

cos(n7;) cosh(r7;) =1 (23)

Generalized coordinates for the compliant mechanism with flexible links are S, u; ,5; , X, ,Y, 0, . The number

of generalized coordinates is 9+3r, r=1,2,3. For the present compliant mechanism the number of degrees of

freedom is 3 +3r . Therefore the number of generalized coordinate is greater than the number of degree of freedom
of compliant mechanism. Then six constraint equations should be considered in equations of motion. The constraint
equations obtained from closed-loop chains as shown in Fig. 3:

AA+AB +u +L +CP=AP, i=12,3 (24)
Equivalence of the real and imaginary parts of both sides of above relation leads to:

i = U; cos(a; + B,(D) + (e, + 1) cos(ar; + (1) — X, — I~p cos(6,) =0

25
7y = U, sin(a; + B (1) + (I +Dsin(e; + B(1) -y, - I sin(d,) =0 =

Egs. (25) are six constraint equations. Substituting Egs. (12), (17) and (20) into (18) and (19), and Eq.(19) is
formulated as follows:

LU o
ou; ou, T ORSUTH) 2Q25ijﬂi(t)
~Qu8; 87O+ Py A (o + U (DDA (O —mu, D57 (1)~ (26)

| . .
DB O-ml B O+ ku 0 =
iy cos(e; + B, (1) + Ay sin(e; + S (1))

aT AT -V)
) =20, A (g, + U (DB, + oy Ay (L + U, (D) B (O +M (1 B (D +
U, (D AU (0) + U7 (1), + 10, () 5, (1) +u, (D)1 B (t)+ ,B(t)+lﬂexﬁ () + 20, U, ()3 (1) + 27)

1l (DA (D) +U,(DQ7 5, (1) + Q)5 (1) — U (t)Qi,- L (D +10,Q70, (D) +2Q;5, (DB, ()3, (1) +
Qij i (t)ﬂ, O +k, B 1) =M, =4, (U, + 1, +Dsin(e; + B, (1) + A, (U, + 1., +1cos(e; + B (1))

o o -v)

GL 06 = Q)6 () +20,5Q] +uQj A + QA + 1 Qi B — QS (D(B)* +E15,Qy =0 (28)
or o=V N

an_Tp):mpyp:_zz_,y—zé (29)
T aT-v)

o, ox, =M% = A A4 G
In which:
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Litink Lilink
Q= | Algy0rdx . Q= [ il ()
0 0 (€2
Liink Litink
Q= [ @oordx Q)= [ pilg(0)xdx
0 0
Eq. (28) can be rewritten in matrix form as:
MS&+KS+PS=F, (32)

where M is the modal mass matrix, K is the modal stiffness matrix, PB is the effect of rigid-body motion on elastic

vibration of flexible links, F, is Coriolis force.

4.4 Dynamic equations of motion using Kane’s method

In this section, the Kane’s Method is employed to derive the governing equation of motion for the compliant
mechanism with flexible links. We select the generalized speed as:

u=ut) , u,=41 , u =01, u=X,, u=Yy , U, =6 (33)
The velocity of point G for flexible links can be obtained as follow:

Vg =[(-W,(X,) 3 +U; () cos(es + ) + (B, (U, (1) + X+ Ligg, ) + W, (X, t))(—sin(e; + B)]i +

. | . . _ (34)
[(FWi(x,0) B, +u; (V) sin(e; + B) + (B, (U; (1) + X+ Lige, ) +W, (X, 1) (cos(er; + )]

and the acceleration of point G for intermediate flexible links can be obtained as below:

a; = [(_Wi (Xat)ﬁi -W (Xat)lé +U; (t)) cos(a; + ) — ﬂ| =W, (Xat)IBi +U, (1) sin(e; + ) —

(B, (U, (1) + X+ Ly ) + Wi (X, 1) + B U, (D) (sin(er; + 3,)) = (B (U (1) + X+ Ligg, ) +

AW, (x,)(cos(ar; + B +[(-W, (X, 1) 5 =W, (X, 1) 5 + U, (1) sin(e; + )+ (35)
B W, 060 B +U, (D) cos(ar; + B) + (B (U (1) + X+ Lo ) + W, (x, 1) +

AU D) (cos(e; + B)) = (BT (U, (1) + X+ Ly ) + AW, (X, D)(sin(e; + B))] ]

To obtain dynamic equation of motion for flexible generalized coordinate, partial velocity respect to U, = 3(t)

can be obtain as following equation:

oV, . . .
Vé = auj =—@; (%) sin(e; + )i+ ¢;(X)cos(e; + ) ] (36)

The generalized inertia forces of the flexible links can be obtained from the below equation:
hink link . .
U, = | mag Vdx == [ pLA (AW, (), 008, +; 00u(D) +
Lo ‘ : " (7
B, (wij (), (1) + Py (O)x+ 2 Ol ge) + @ ()B4 (1) + D (W, (x,1)]dx

Substituting Eq. (20) into Eq. (37) generalized inertia force can be obtained as follow:
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IIlnk IIlnk

U Jmae. Vg dx = - jpﬁ( Z ;D] (OB, + 9, (0u(D) +

(38)
(B OO0+ X+ 1)+ A0 (D2 00 + 365 (D95 ()]
j=1
or
Ilmk . ..
== _( Qu ﬁl ij (t) + Q|lj*5u (t) + J' {2¢ij (X)ﬂu(t) + Igiwij (X)(ui (t) + X+ Iflex )}dx) (39)
In which:
IIink IIink
Q= [ po;0dx . Q" = [ (¢"(x)dx (40)
0 0
and now the generalized active forces of the flexible link can be obtained as below:
oV, oV,
U =-— link _ _*~ "link =EIlJ (t 2*
k aqk 65” (t) iti u( )Qu (41)

According to the Kane’s method the generalized inertia forces and the generalized active forces constitute the
equations of motion as below [23]:

U, +U; =0 (42)

Substituting Eq. (39) and Eq. (41) into Eq. (42), and the equation of motion can be obtained as follow:

IImk

(_Qi}*/?izé‘ij (t) + Q|T5|J (t) + J. {2¢|] (X)ﬂu(t) + ﬂ (0,1 (X)(U (t) + X+ Iflex )}dX) + EI i™ij (t)QI] - (43)

and finally the equations of motion for flexible link of compliant mechanism can be obtained from following
equation:

ﬂl ij (t) + Qllj*6IJ (t) + 2Qu ﬁu(t) + Qu ﬂlul (t) + Quﬁllflex + Q3ﬂ+ EI i~ij (t)Q (44)

The comparison of the Eq. (44) and Eq. (28) shows that the Lagrange and Kane’s Methods yielded similar
results. In addition, these results verify the equations of motion which is obtained by Lagrange Method. For getting
frequency equation, we use equations of motion in Eq. (28) and for considering a constant angular velocity of
intermediate link and assuming time-independent axial displacement, one gets:

_Qilj (@) _Qi]j (ﬂi)2 + EIQi? =0 (45)
In the above equation 5E ; —(@%) , the equivalent frequency may be evaluated by:
-Q;(B)’ +EIQ;
(@)=——5— (46)
ij
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Consequently, from Eq. (46), the natural frequency for the link decreases with angular velocity and for the
clamped-clamped boundary condition we have:

4 1+ J)” 4 ~41
Qij _(I—) Qij (47)

By substituting Eq. (48) into Eq. (47), frequency can be obtained as:

_El@+jphn’

@)=""q

Q'-(B) (48)

Therefore, the first term on the right side of the Eq. (48) is the natural frequency expression for non-rotating
beam. Eq. (48) is similar to the one result given in ref. [14].

S SOLUTION METHODOLOGY

To solve equations of motion the perturbation method is used, which consists of determining the series convergent
to the exact solution. Using Taylor series to expand the terms in Eq. (28) or (44), we have:

d*s; (t)
Qi} dtlz -+ (alQiJ? N azQi? + a}QiJgt - a4QiJ?t2)é‘ij ®- a5Qi]j + af)Qi? - a7Qi]jt - at%Qi]J't2 =0 (49)

For model, we have:

d?o(t)

Qlll T"'(bl +‘9)§(t)_a5Q111 + a‘GQfl _a7Q111t - alelltz =0 (50)

when ¢ is small but is different from zero and b >>¢, we suppose that the solution of above equation can be
expressed in the form [25]:

S(t,e) = 6,(t)+&6,(t) + &5, (1) +... (51)
Substitute Eq. (51) into Eq. (50) and set e=0 and obtained:

Q/\é, +(b)s,(H)-a,Q), +a,Q —a,Q/t-a,Q/t> =0 (52)
Q/\8, +(0)5,(t) +5,(1) =0 (53)

The general solution of Eq. (52) can be written as:

0,(t) = A cos(t+ 5, + (1) (54)
where A,,B, are arbitrary constant. Therefore Eq. (53) can be re-written as:
Q)\8, + (0,)8,(t) + Ay cos(t+ B,) + f (1) =0 (55)

The homogeneous and particular solutions are:

S(t)= A cos(t+B,)+ f 1)+ &(A cost+ 8)+ f, (1) +... (56)
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and flexible deformation of the first intermediate link for mode 1 can be expressed as:

W, (X,t) =9J (D), (X) (57)

6 NUMERICAL RESULTS AND DISCUSSION

In the present compliant mechanism, dynamic analysis of parallel compliant mechanism with flexible links and rigid
moving platform is considered. Geometrical and material properties of flexible link are given in Table 1. The
geometrical properties for flexure hinges are given in Table 3. Flexures and intermediate links are modeled as
aluminum alloy.

The number of degree of freedom (DOF) for present compliant mechanism is 3+3r, in which 3 degrees of rigid
body degree and 3r degrees of elastic motion. Dynamic equation is including of 9+ 3r differential equations and 6
constraint equations. All three joints are controlled separately using proportional and derivative (PD) feedback
control with gains kp and k, . Thus the deriving moments applied to three flexure hinges are given as:

M, =K, (B = B)+ Ky (By = B) (58)

P, are desired angle of flexure hinge. The deflection of flexure hinges and intermediate links is determined

based on the prescribed motion of the moving platform. To obtain the deflection, velocity, angular velocity, and
acceleration, inverse kinematics was used. From inverse kinematics, the displacement and velocity of flexure hinges
are given as:

U2 = (Xp = (1 o + L) c0S(@ + ) ~C,G cos(tg g +6) ~ AA cos(a, )’ +

59
(Ve = (| e + L) sin(e; + ) —C,Gsin(a g +6)— A A sin(a, , )’ 9
U; = cos(ea; + B ()X, +sin(a; + S,(1))Y, (60)
Angular velocities of intermediate links are given as:
. 1 . . .
B —m(_sm(ai + L)%, +cos(a; + B (1)Y,) (61)

Micro-motion system consists of 3 Tokin AE1515D16 [9], PZT stack actuators assembled into flexure hinges of
compliant mechanism. According to Egs. (3-4-5-6-7), the axial displacement of flexure hinges is obtained and
comparison u with last work by Paros and Weisbord and Lobontiu are given in Table 2. and illustrated in Fig. 5.

Table 1
Compliant mechanism physical parameters
L=L=L (M @@y adg adg Am) | m) p(kg/m) B (N/m?)
0.05249 38 158 278 0.18e-4 1.35e-11 2.77e3 7.1e10
Table 2
Comparisons of various compliance equations with this study
Case u error
Paros and Weisbord 0.5676e-3(m) 3.6%
Lobontiu 0.5446e-3(m) 8.6%
This study 0.5885e-3(m) -
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Table 3
Geometrical properties of flexure hinge
L B t R d

flex
0.006(m) 3(mm) 0.5(mm) 3(mm) 9(mm)
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In this simulation, the moving platform is set to move on a desired trajectory given as:

X X
X, =C, XX Py
t; V4 t;
X, X . 2r& (62)
=C, +—t——sin(Z=t
yp 2 . 272_ (tf )
0 = const

where x, =0.2mm and t, =1ms and C, =0.039,C, =0.041. And flexible generalized coordinate in the Eq. (25)
are: §; =[6,, 6y, 65 6,, 6, 0y 8y, 8y, 55, ] . To solve Eq. (28), initial conditions are adopted o, =0, 5”. =0.The

deflection of the midpoint of the intermediate links for 3modes is obtained using perturbation method and Runge-
Kutta-Fehlberg 4, 5™. Fig. 6 shows the amplitude of the first three mode vibration of the first intermediate flexible
link at the midpoint and reveals that the amplitude of the first mode vibration is larger than the amplitude of the
second mode vibration and first mode is sufficiently accurate to describe the vibration of flexible link.

1.5% 10710 1.5= 10710
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1% 10717 1% 10710
ERESTLLE 5= 1071 S U U
o-—U—U—U——U—J— U. . U. . U ,
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Fig. 7
The compared results between Perturbation method with Runge-Kutta-Fehlberg 4,5th order for model. (a): RKF 4,5th (b):
perturbation method.
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The compared results between Perturbation method with Runge-Kutta-Fehlberg 4,5th order for mode2. (a): RKF 4,5th (b):
perturbation method.
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The comparison of the deflection versus time for results obtained from perturbation method and Runge-Kutta-
Fehlberg 4,5th order has been depicted in Fig. 7and Fig. 8.
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The effect of intermediate link length on deflection.
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Fig. 11
Frequency spectra of vibration for the 1st link (a): Mode 1, (b): Mode 2, (c): Mode 3.
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It can be observed that there is an excellent agreement between the results obtained from perturbation method
with those of Runge-Kutta-fehlberg 4,5th order method. Fig. 9, shows the amplitude of the first three modes
vibration of the first intermediate link at x=L/5. The effect of hinge length on deflection of midpoint of first link is
illustrated in Fig. 13. It shows that when hinge length increases, the deflection of midpoint of link increases. The

selected lengths of hinges for this simulation are 1, =0.00625(m) , I, =0.00725(m) .
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The effect of flexure hinge length on deflection of midpoint of first intermediate link for fist three modes. (a):Mode 1, (b): Mode
2, (c): Mode 3.
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It reveals that amplitude of the first mode of vibration is larger than the amplitude of the second and third mode
of vibration. In Fig. 10 effect of intermediate link length on deflection is illustrated. By increasing intermediate link
size, deflection of midpoint increase. The corresponding frequency spectra analysis is performed using the Fast
Fourier Transform (FFT).The power density of frequency spectra for vibration response of the first intermediate link
at midpoint is shown in Fig.11. According to the Eq. (25), first three mode frequencies calculated to be 5629.67,
15493.65, 30423.10. These are the frequencies of the FFT analysis. Fig. 12 shows the elastic vibration at the
midpoint of intermediate links. The vibration amplitudes for each links are different from each other due to their
different base motions. According to Lagrange multipliers method, the displacement of the moving platform along X
and Y axes, calculated based on Egs. (26, 27, 28, 29, 30), are given in Fig. 14 and Fig. 15.

7 CONCLUSION

In this paper, the kinematic and dynamic modeling of a compliant parallel micro-positioning mechanism with
flexible links is considered. The dynamic equations are derived using Lagrange multiplier and Kane's methods.
Perturbation and RKF methods are adopted for the solution of dynamic equation of motion and the mode shape
functions are selected by modeling intermediate link as Euller-Bernouli beam theory with clamped-clamped
boundary conditions. The corresponding frequency spectra analysis is performed using the FFT. Based on numerical
results, it is concluded that:
- Comparing Kane's method and Lagrange method leads to same results but Kan's method is faster than
Lagrange method to obtaining dynamic equations.
- For three intermediate links, the elastic deflections are different due to their different base motions.
- There is an excellent agreement between the results obtained from perturbation method with those of
Runge-Kutta-Fehlberg 4,5th order method.
- Increasing of the flexure hinge’s length causes the deflection of intermediate links at certain time to
increase.
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Natural frequencies of three first modes were obtained by using the FFT spectral.
Using Lagrange multiplier method, the position of the moving platform can be obtained.
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