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(c) Piezo 3 is actuated for constrained 3-PRR compliant mechanism

Figure 3.30 Center displacements of 3-PRR compliant mechanism.

The results in Figure 3.30a shows that when only Piezo 1 is applied to the
mechanism, the center of the mechanism has displacements in u; direction which has
60.96° angle (o) with the x axis. When only Piezo 2 is applied to the mechanism the
center displacements are in the direction of u, which has an angle () of 59.04° with the
x axis and finally when Piezo 3 is applied to the mechanism the center displacements
are in uz direction which has an angle (y) of 1.79° with the x axis.

The result figures of the workspace analysis of the constrained 3-PRR compliant
mechanism is shown in Figure 3.31. The figures of the simulations are scaled to 50:1
and the results are presented in Table 3.10. Results show us that for free 3-PRR
compliant mechanism the maximum force can be applied is 996.8 N and the maximum

displacements in u;, up and u3 directions are almost 323.3 um.
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Surface: Total displacement [um]  Subdomain marker: von Mises stress [MPa] Max : 523.65
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(a) Piezo 1 actuation in constrained 3-PRR compliant mechanism
Surface: Total displacement [um]  Subdomain marker: von Mises stress [MPa]) Max: 523.642
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(b) Piezo 2 actuation in constrained 3-PRR compliant mechanism

62



Surface: Total displacement [um] Subdomain marker: von Mises stress [MPa]
Deformation: Displacement
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(c) Piezo 3 actuation in constrained 3-PRR compliant mechanism
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Figure 3.31 Maximum displacement results for constrained 3-PRR compliant mechanism.

Table 3.10 Results of maximum displacement and stress of constrained 3-PRR compliant mechanism

Max. Input Max. Center
Max. Stress Max. Force Total Total
Actuator [MPa] Applied [N] Displacement | Displacement
[um] [um]
Piezo 1 502.916 996.8 501.350 323.351
Piezo 2 502.983 996.8 501.383 323.379
Piezo 3 502.934 996.8 501.384 323.397

The resonance frequency of the stage is examined by making the modal analysis

with FEA. First three natural frequencies are taken into account for the analysis and the

mode shapes are illustrated in Figure 3.32. The first two natural frequencies are

367.906225 Hz and 367.907129 Hz. They are almost identical and their mode shapes

are translations on x-y plane as presented in Figure 3.32a and in Figure 3.32b

respectively. Third mode shape is rotational as seen in Figure 3.32¢ which has a natural
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frequency of almost 3.17 times the translational ones (1168.880755 Hz). The results
show us that the designed 3-PRR compliant mechanism can be used in high frequency

operations where micromotion positioning is needed.

(a) 1*' Translational mode shape (367.906225 Hz)  (b) 2™ Translational Mode Shape (367.907129 Hz)

(c) Rotational Mode Shape (1168.880755 Hz)

Figure 3.32 Mode shapes of 3-PRR compliant mechanism.

3.4 Comparison of 3-RRR and 3-PRR Mechanism

3-RRR and 3-PRR compliant mechanisms are designed by using right circular
flexure hinges with same geometric parameters and the forces are applied at the same
distances from the center of the stage to make a performance comparison. The
comparisons are different for free and constrained cases of the compliant mechanisms.

3-PRR compliant mechanisms maximum range (=780.7um) is bigger than 3-RRR
compliant mechanisms (=625.9um) for the free case. 3-PRR compliant mechanism

allows a lot more force being applied. However when the mechanisms are constrained
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by assembling the all actuators 3-RRR compliant mechanism has a little bit bigger
maximum range (=352.5um) than 3-PRR has (=323.4 um) this is because the
mechanism is constrained and reaction forces/moments are coming from the supported
sides of the mechanism which lowers the maximum range vale of the mechanisms. The
translational modes of the 3-PRR compliant mechanism are bigger than 3-RRR
compliant mechanism where as the rotational mode of the 3-RRR mechanism is a little
bit bigger.

1 N force is applied for every piezoelectric actuator individually for free and
constrained cases of 3-RRR and 3-PRR complaint mechanisms and the displacement
results at the center of the triangular stage are presented in Table 3.11.For the free case
3-RRR compliant mechanism is more flexible than the 3-PRR compliant mechanism

and for the constrained case 3-PRR is more flexible than 3-RRR compliant mechanism.

Table 3.11 Free and constrained compliant mechanism displacement results comparison

Forces Free Constrained
3-RRR Compliant Mechanism 3-RRR Compliant Mechanism
X¢ [um] Ye [nm] Xc [pm] Ye [um]
F;=IN 2.233908 -3.96593 0.10027 -0.1773
F,=IN 2317616 3.917585 0.10357 0.17551
F3=IN -4.55153 0.048357 -0.2037 1.94E-03
3-PRR Compliant Mechanism 3-PRR Compliant Mechanism
X [pm] Ye [um] X [pm] Ye [pm]
Fi=IN 1.781824 -3.21459 0.157531 -0.28384
F,=IN 1.893011 3.150424 0.166926 0.278567
F3=IN -3.67484 0.064175 -0.32481 0.005365

When forces coming from the edges of the triangular stage are not coinciding at
the center of the stage the triangular stage starts to rotate and there are inequalities at the
motion of each direction. As shown in Table 3.11 for each actuation type and cases the
displacements at each u;, u, and us direction are not equal. So we have assigned points
Py, P, and Ps at the edges of the triangle as shown in Figure 3.33 to analyze the coming

forces directions and where all forces coincides on the triangular stage.

65



P,

s

Figure 3.33 Assigned points for triangular stage

The direction of the forces coming from the edges of the triangular stage ug;, up;
and up; are presented in Figure 3.34 for free and constrained versions of 3-RRR and 3-
PRR compliant mechanisms. As it’s examined from the figures the free configuration of
compliant mechanisms forces almost coincides at the center of the stage but when the
mechanisms are constrained they are apart from each other causing moments acting on
the stage which results center motions not parallel to the applied forces. 3-PRR

compliant mechanism let bigger moments than 3-RRR compliant mechanism.

Up3 <

(a) Free 3-RRR compliant mechanism (b) Constrained 3-RRR compliant mechanism
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Figure 3.34 Direction of forces results for compliant mechanisms.

To summary, 3-PRR mechanism improves the range of the mechanism, the
translational modes whereas it causes more rotation than 3-RRR mechanism. In the next
sections we will deal with this rotation problem and we will try to control the center

position of the mechanism.

3.5 Conclusion and Comments

We have designed 3-RRR and 3-PRR compliant mechanisms with right circular
flexure hinges by analyzing in Finite Element Analysis software called COMSOL. The
reason of using right circular hinges is explained by the stress distribution of the various
circular flexure hinges and we have seen that right circular flexure hinges are the best
type of flexure among the analyzed flexures because the stress is located mostly on the
thinnest part of the flexures which means that the flexure bends at a certain point so
eliminates the parasitic motions mostly. Right circular flexure hinges have the least
range but we are dealing with small motions (<40 um) so right circular flexure hinges
are chosen for our design. The parameters of the right circular flexure hinges the
thinnest part of the flexure, “t”, and the overall thickness, “b”, are selected from FEA
analysis of various selection of parameters. The analysis showed us that there is an
inverse asymptotical relationship between the “t”, “b” values and the maximum stress,
displacement. We need enough flexibility for providing enough displacement and we

need our mechanism to be stiff enough not to go under plastic deformation. That’s why
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with considering of the capability of our Wire EDM manufacturing we have selected the
“b” and “t” values.

3-RRR and 3-PRR compliant mechanisms are examined with the selected
parameters. The aims of these analyses are to find the provided maximum displacement
at the center of the stage, the motion directions for the center of the stage and the
frequency modes of the mechanism. The analyses are done for two cases. Firstly the
mechanisms are only fixed from the fixture links and the other links are set free.
Secondly the mechanisms are fixed from the fixture links and the links that are used to
actuate the mechanism are constrained by assigning a prescribed displacement defining
that there are piezoelectric actuators assembled to the mechanism and they prevent the
motion of the links in pull direction of the piezoelectric actuators. These analysis will
show us how far we are from the analysis of the mechanisms and we will realize the
manufacturing and assembling errors that will lead us to design a control methodology
to kill those disturbances and find an answer to the question “Can we use non-ideal
compliant mechanisms for high precision positioning?”

Finally we have compared the two structures that we have designed in terms of
providing motions, achievable workspaces and frequency modes. We have found out
that 3-PRR mechanism improves the range of the mechanism, the translational
resonance mode whereas it causes more rotation than 3-RRR mechanism. The
mechanism is stiffer but open to parasitic motions. In the next sections we will deal with

this rotation problem and we will try to control the center position of the mechanism.
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4 COMPLIANCE MODELING OF THE FLEXURE HINGES

Flexure modeling is the major problem while designing compliant mechanisms.
There are many modeling techniques in the literature. The major ones are Classical
Analytical Method, 2D Finite element method, Linear Scheme Method and Assumed
mode method etc.

The model of a flexure based mechanism should be simple enough to calculate the
behavior of the flexure and accurate enough to be used as a tool for design. Thus,
Pseudo-Rigid-Body-Model (PRBM) [6] in which flexure hinges are treated as torsional
springs and the compliant mechanism is treated as an ordinary rigid body mechanism is
mainly used. By using this technique we can easily use our knowledge about rigid
mechanisms modeling. The calculation of spring stiffnesses of the flexure hinges
determines the precision of the model. Figure 4.1 shows the flexure hinge represented
by in-plane torsional springs for in-plane motion. In this section we will compare the
analytical calculation to compliance calculation results with the finite element analysis.
We will try to find the best calculation method while designing the circular flexure to
see whether the geometric and material parameters are good enough to be used in the
compliant mechanism that we design for a specific application In other words we should
be sure that the flexure hinge bends sufficiently enough while it is not in the plastic
region. Moreover, the calculation method should be simple enough to be used in
practice.

The analytical calculation methods have been extensively compared by T.F. Lu et
al. [70] for varying “R/t” values of a flexure hinge. But we will also look at the results
for varying “b” (the width of the flexure) parameters which is not studied in the
literature yet to see weather “t” (the shortest distance of the flexure) or “b” parameter
would have more influence on the compliances of flexures. This study will guide for the

selection of parameters in the design of compliant mechanisms.
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Figure 4.1 Circular flexure hinge and its PRBM.

4.1 Basic concepts of circular flexure hinges

Stiffness is the parameter that shows the resistance of a flexural structure to
bending. It gives the relationship between the load and the deflection that occurs due to
load. The stiffness of a flexural structure depends on both material and geometric
properties. Compliance is the inverse of the stiffness, and it is the most important
parameter to assess the behavior of flexural elements. The load that is applied to the
flexure is generally known, and the displacement is typically the unknown parameter.
Expressions were derived in terms of applied forces and moments.

There are two types of compliances: in-plane compliances and out-of-plane
compliances. In this thesis we will work on in-plane compliant stiffnesses because we
will mostly deal with planar compliant mechanisms that have three in-plane degrees of
freedoms (DOFs). Two of them are the translational DOFs in the x and y axes, while
one of them is the rotational DOF which is about the z axis. Thus, our in-plane
compliances will be Ax/F,, Ay/Fy and Aa,/M,. Other compliances, which are Aa,/M,,
Aa,/M, and Az/F,, represent the unwanted (parasitic) motions of the flexure.

The important characteristic geometric parameters of a circular hinge are shown
in Figure 4.2. “r” is the radius of the circular hinge, “t” is the shortest distance between
the circumferences of two notches, “h” is the thickness, and “b” is the width of the
flexure. The material of the flexures is assumed to be an ideal linear elastic material.
The important material parameters of the flexures are the modulus of elasticity “E”,

shear modulus “G” and Poisson’s ratio “v”.
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Figure 4.2 Flexure hinge coordinate frame [70].
4.2 Compliance Calculation Methods

The analytical compliance calculations are based on Castigliano’s displacement
theorem (2™ theorem) which allows us to calculate the linear and angular deformations
of elastic bodies under loading and supporting conditions. According to Castigliano’s
2" theorem the linear displacement (u;) and the angular deformation (6;) at a point i can

be expressed in terms of force (F;) and moment (M;) acting on it as follows [8]:

ou
u; = a_Fl (41)
ou
P — 4-2
b oM; (42)

where U is the total strain energy for an elastic member and can be written as:

U = Upending t Usnearing T Uaxiat + Utorsion (4.3)
Ubending = fL 21\232 ds + J; ZA;I.Z?Z ds (4.4)
Usnearing = | %ds + fL ;Zl ds 4.5)

Vi = [ 3z 6
Utorsion = fL %ds (4.7)
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In general total strain energy can be written as the following equation for a point i

[8]:
{ui} = [GI{L:} (4.8)
where {u;} is the deformation vector which consists of linear and angular
deformations, {L;} is the load vector which consists of forces and moments and [C;] is
the compliance matrix whose inverse is the stiffness matrix. The first predictions have
been made based on the theory presented by Paros and Weisbord [71]. Accordingly, the

in-plane full compliance equations are expressed as:

a _ 3 [ 1 ]l1+ﬁ 3+2ﬁ+'82“\/1—(1+ﬁ—y)2_

M,  2EbRZ12B+pB2l|| v?2 = y(2B+B2?)
61+p) || o pt6__&-B) 9
B EYDEd B J1-QQ+p-y)?
Ay . a
F_y R%sin’0 <M—Z>
(1+p)?
3 148 PTTEEBD | o
2Eb ) [(14+ B —cos0,)%2(1+ B —cosByy) S ¥m
(4.10)
4(1+B) 2(1+B) L |2+8B G_m_
e @rpe| ™ [T e T %)
Ax 1 _ )
—_—=—1=-2 1
G BN (Y E
(4.11)
+2(1+B) tan-1 2+ P (y — B)
Nerps P i-arb-n
where f = t/ZR Y = h/ZR and 0, =T/, .
The simplified versions of Paros and Weisbord [71] equations are given as:
Aa, 9mR/? “4.12)

M, . 2Ebt5/?
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Ay 91 (R
—yz—ﬂ<—> (4.13)
F, " 2Eb\t

Ax 1 (R)
E " Eb|"\t

The in-plane compliance equations for Wu and Lobontiu’s [72] are as follows:

Aa, 24r?
M, Ebt3(2R+t)(4R+1)3

4R
+ 6r(2R + t)?,/t(4R + t)arctan ’1 + -

1/2

— 2.57] (4.14)

[t(4R + t)(6R? + 4Rt + t2)]
4.15)

Ay

Fy

8r3(44R? + 28rt) + 5t2
22+ ™R+t +

~ 4Eb(2R + ©) t2(4R + 1)2

, (2R~ )VE@R + t) [-80r* + 24R3t + 8(3 + 2m)R%t? + 4(1 + 2m)Rt3 + mt (410)

Jt5(4R + )5 JE5(4R + t)5

8(2R + t)*(—6R? + 4Rt + t?) 4R
— arctan |1+ —
VP (4R + t)5 t

Ax 1 [2(Q2R+1) o | R) T e
— = — [——=——=——==]| arctan —|-= .
Fy Eb|/t(4R+1) t) 2

Schotborgh [68] have presented dimensionless design graphs for circular flexure

hinges where graphs are constructed by curve-fitting the results obtained from Finite

Element Analysis. The in-plane compliance equations are given as:

-1

&—ZZ - Ef; ~0.0089 + 1.3556\/% — 05227 (%) (4.18)
.- 1~ -1

ﬁ—i ={Eb[0.0040 — 0.0727\/;R +0.3417 (%) (4.19)
_ _ -1

ﬁ—j =<{Eb|0.0010 + 0.4256\/22R +0.0824 (%) (4.20)
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4.3 Numerical of Circular Flexure Hinge

The commercial Multiphysics Analysis software called COMSOL Multiphysics
3.5a is used for modeling a circular flexure hinge. The circular flexure hinge is modeled
by using triangular plane stress elements, which have 2 degrees of freedom. 2D
triangular plane stress elements are preferred for predicting the stiffness values of a
flexure hinge instead of plane strain elements because Schotborgh [68] has proven that
plain stress elements make safer estimations. Mapped meshing technique is used to
control the distribution of number of elements. The number of elements is increased on
the boundaries which are near the hinge until the results are converged to some number.
These critical locations places are important because they will have the highest stress
values. The flexure hinge’s material that is used is Aluminum 7075 and necessary

material properties that is used in the analysis are displayed in Table 4.1

Table 4.1 Material properties of AL7075

Modulus of Elasticity (E) Density (p)
Poisson’s ratio ration (v) ;
[Pa] [kg/m”]
71.7¢9 0.33 2810

In the literature the numerical calculations are always done for the displacement at
point A as shown in Figure 4.3-4.5. We need pure moment in z axis (M,), translational
(Fy), and longitudinal (Fy) forces to calculate the in-plane stiffnesses of the flexure
hinge. We have applied unit moment, unit translational and unit longitudinal forces to
calculate the in-plane compliances of the flexure. The following sections discuss how

we have applied the loads to our design.

4.3.1 Boundary Conditions

o Applying only unit moment Mz:
Two Fy forces in the opposite direction are applied at the end of the flexure part as
shown in Figure 4.3. The necessary magnitude of the Fx forces that we should give for

having a unit moment is calculated as follows:
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M, =2-F, g (4.21)
F - % _ % (4.22)
Y T2 |
B CA {2 ;
| "

Figure 4.3 Applying moment (M,).

o Applying only translational unit force Fy:

After applying a unit Fy force two Fx forces in the opposite direction are applied
to kill the moment effect of Fy as shown in Figure 4.4. The magnitudes of the Fy forces

is calculated as follows:

h
E -L=2-E, -= 4.23
y X 2 ( )
L L
Fx:Fy.Ezl.E (4.24)
l L »
A\ -
W Ih,-'z F,
F‘i"z"'.él?..- \-EL I ]-'""2 .‘
rrl ' ]_':'

Figure 4.4 Applying translational force (F).

o Applying only longitudinal unit force Fy:

A unit Fy force is simply applied as shown in Figure 4.5.
r) :
P v

5

":]?-'

Figure 4.5 Applying longitudinal force (F).
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4.3.2 Meshing

Mapped mesh technique is used while meshing the part. 2D triangular plane stress
elements have been used as mentioned before. The aim is to find minimum number of
elements that will assure convergence of the results. After trying different number of
elements for the boundaries of the part and looking at the results, the minimum number
of elements is found as 3070 number of elements. 1% and 5" boundaries have 10
number of elements, while 2™, 8" 4™ and 6™ boundaries have 30 number of elements.
Finally 3™ and 7™ boundaries have 60 elements. The meshed flexure hinge is shown in

Figure 4.6. The in-plane compliance results are shown in Table 4.2.

Figure 4.6 The meshed part analyzed using finite element method.

4.4 Results and Comparison of The Methods

The geometric properties of our design as follows: R= 3.5 mm, I=10 mm and h=8
mm. In Table 4.2 the FEA and the analytical results are shown for in plane compliances.
As seen from Table 4.3 % errors compared to FEA results are presented. The
highlighted errors are the smallest errors among the methods and they will be selected

for the compliance calculations.

Table 4.2 Compliance results of FEA and 4 kinds of analytic calculation methods

Aa, /M, [rad/Nm] Ay/Fy [um/N] Ax/Fx [um/N]

FEA 0.039483 0.541093 0.005617
Paros and Weisbord 0.0386 0.47348 0.004707

Paros and Weisbord
0.0369 0.45187 0.0046128

(simplified)

Wu and Lobontiu 0.0355 0.4659 0.0054039
Schotborgh 0.0547 0.055048 0.0080325
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Table 4.3 Compliance errors of analytic methods compared to FEA

%error for Ao,/M, %error for Ay/Fy % error for Ax/Fy
Paros and Weisbord %?2.236 %12.496 %16.201
Paros and Weisbord
. . %6.542 %16.489 %17.878
(simplified)
Wu and Lobontiu %10.088 %13.897 %.3.794
Schotborgh %38.541 %89.827 %45.430

The compliance results are shown in Figures 4.7-4.9 for “b” values changing from
5 mm to 15 mm. Accordingly, Paros and Weisbord calculation method [71] gives the
closest compliance values in z directions to FEA results for all width values in Figure
4.7. Simplified version of this method [71] also gives reasonable predictions and it can
be used for the calculation of compliance in z direction. Wu and Lonontiu's [72]
calculation method gives the best compliance results in x direction when compared to
FEA for all width values as shown in Figure 4.8. Other methods are a bit far away from
the FEA results. Schotborgh calculation method [68] for the compliance in y direction is
very far away from FEA results as shown in Figure 4.9. The closest method to FEA is
Paros and Weisbord's method [71] followed by Wu and Lobontiu's method [72]. Wu
and Lobontiu's method [72] is better than the simplified version of Paros and

Weisbord's [71] for every width value.

Czws b
0.11 T T T T T
: : : : Paros ad Weisbord
0.1F -+ f:f - - 4‘ --- ‘L —-— == Paros ad Weisbord Simplified -
I I I Wu and Lobontiu
0.09F —— - - -4 -1 Schotborgh H

Finite Element Analysis

Cz [microns/N]

Figure 4.7 Aa,/M, compliance results for varying width “b”.
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Figure 4.9 Ay/F, compliance results for varying width “b”.

After analyzing the effects of the width “b”, the shortest distance “t” of the hinge
is varied from 0.4mm to 4mm by changing the radius of the hinge. The width of the
flexure “b” is taken as constant 10 mm, while the height of the flexure “h” is taken as
8mm. It could be inferred that when the “t” parameter of the flexure is changed the
hinge radius of the flexure is also changed. An extensive study is performed for “R/t”
parameter by T.F. Lu et al. in [70]. Here we also want to see the effects of “t” parameter
for a constant height to be able to make a comparison between “b” and “t” parameters.
The compliance results for FEA and other methods are presented in Figures 4.10-4.13.

The rotational compliance in z direction found using Paros and Weisbord's

method [71] is the closest to FEA until the shortest distance of the flexure hinge reaches
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3 mm as shown in Figure 4.10. Beyond this value, Wu and Lobontiu's method [72] is a
little bit better than the Paros and Weisbord's [71] but in general this method can be
taken for the rotational compliance in z direction

When looking at Figure 4.11 we can see that Schotborgh calculation method [68]
can't be used until a certain “t” value which is 1.5 mm because of the difference of his
hinge types which as not a right circular flexure hinge that we used as explained in [70].
Paros and Weisbord's method’s [71] results are the closest results to FEA until “t” is
equal to 1.1 mm. Beyond this value, Wu and Lobontiu's method [72] starts to provide
closer results wrt FEA as shown in Figure 4.12

In Figure 4.13, it can be seen that for the varying “t” values in the processes of
calculating the compliance in x direction Wu and Lobontiu's method [72] is the closest
one to FEA method until “t” is 3.1 mm. Beyond this value, Paros and Weisbord's
method [71] starts to be the closest one to FEA. Moreover, it can be stated that the
simplified version of Paros and Weisbord [71] is also close to the FEA results for thin
“t” values (t<I mm). The simplified version cannot be used for t > 1 mm.
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Figure 4.10 Aa,/M, compliance results for varying shortest distance “t” of the flexure.
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Figure 4.11 Ay/Fy compliance results for varying shortest distance “t” of the flexure.
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Figure 4.13 Ax/Fx compliance results for varying shortest distance “t” of the flexure.

We can also see the effects of “b” and “t” on the compliances by examining the
above figures. The in-plane compliance in x direction (Cy) is decreasing, while the
thickness and the width of the flexure increase. When we fit a linear line to the graphs
the slope of Cy decreases faster as “t” is increases. Thus, we can say that Cy mostly
depends on “t”. The in-plane compliance in y direction (Cy) also decreases, as the
thickness and the width of the flexure increases. C, decreases faster as “t” increases up
to a value (1 mm), beyond which the slope of the curve decreases and C, starts to
depend mostly on “b”. Finally, the in-plane rotational compliance in z direction (C,)
also decreases, as the thickness and the width of the flexure increases. The behavior of

C, 1s similar to C,.

4.5 Conclusion and Comments

The calculation methods of in-plane x, y translational compliances and z
rotational compliance of a certain circular flexure hinge are presented and the methods
are compared using the finite element method. Based on the results, Schotborgh method
[68] can only be used for the rotational compliance in z direction while the translational
compliances in x and y directions has bigger errors compared to other methods because
of the difference of his hinge models. Paros and Weisboard’s calculations [71] give the

best translational compliance in y direction and rotational compliance in z direction, and
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finally, the translational compliance in x direction can be most accurately calculated by
the Wu and Lobontiu’s method [72].

The compliance calculation methods are also compared to the finite element
analysis (FEA) for varying geometric parameters “b” (the width of the flexure) and “t”
(the shortest distance of the flexure). These analyses give us the selectable calculation
methods for certain “b” and “t” parameters. Besides, they show which geometric
parameter (b or t) has more influence on in which direction of compliances. Cx mostly
depends on “t”. C, decreases faster as “t” increases until 1 mm, beyond which the slope
of the curve decreases and C, starts to depend mostly on “b”. The behavior of C, is
similar to C,. Thus, this work gives us the advantage of selecting the right calculation

methods and geometric parameters for designing flexure based mechanisms.
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5 KINETOSTATIC MODELING OF 3-PRR COMPLIANT MECHANISM

The modeling of the 3-PRR compliant stages are obtained by using Kinetostatic
modeling technique. This method is firstly presented by V. Krovi et al. in [73] then by
Lu Tien-Fu et. al. in [61] and is used for calculations for four-bar compliant
mechanisms and 3-RRR compliant mechanisms with different link angles. These studies
have claimed that this method provides better prediction of the rotational motion when
compared to Pseudo Rigid Body Method. Moreover Kinetostatic model is a simple
closed form model that does not require a lot of computational efforts to solve.
Therefore, we have chosen this method to apply it to the designed 3-PRR compliant
mechanism to see whether it can be used for fast computation of the kinetostatic
parameters of our compliant mechanism.

Kinetostatic modeling method combines compliances of the flexures with the
kinematics of the compliant mechanism and gives the advantage of having knowledge
about the kinematics and force design criteria of the stage. In PRBM technique only
Ao,/M, compliance is used for flexure hinges by treating flexures to have one DOF
motion capability, which decrease the accuracy of the model but in Kinetostatic
Modeling all in-plane compliances, Ax/Fy, Ay/Fy and Aa,/M,, are taken into account,
which will give us more accurate results. Mainly, the choice of flexure hinge
compliance calculation method affects the accuracy of the results. Therefore, we will
use the proper calculation method to calculate the compliance of the flexure hinge as we
compared in Section 4. The choice of the flexure hinge compliance has minimal effect
on the Position Jacobian of the mechanism because it only depends on the kinematics of
the mechanism. And we will use this method to compute the Jacobian and compliance
that relates the output displacements to the input forces of the stage to be used in our
dynamic model.

The kinetostatic model is composed of 4 compliance matrices as in Eqn. 5.1
which relates the output and input displacements to the input and output

forces/moments.
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)= [con.conl[e]

Uin Cin,Fo Cin,Fin l:"i (5- 1)
C

U, is the output displacement matrix of the stage which are Ax,, Ay, and Ae, .

Uiy, 1s the input displacement matrix which are given by the piezos connected to
the tabs of the mechanism.

F, is the output force matrix in Eqn. 5.2 acting on point O which is the center of

the stage.
F, = [Fox Foy Mo )T (5.2)
Fin is the input force matrix in Eqn. 5.3 acting on the tabs of the mechanism
Fin = [Fin1  Finz  Fins]” (5.3)

C is the compliance matrix that composed of compliances that relates output
forces to output displacements, C,,ro, input forces to output displacements, C,rin, Output

forces to input displacements, Cin ro, and input forces to input displacements, Cip Fin.

5.1 3-PRR Kinetostatic Modeling

3-PRR compliant mechanism is modeled by first modeling only one PRR limb.
Then found compliance results are transformed in the other two limbs by using
transformation matrices. The assigned coordinate frames, forces and moments acting on
the circular flexure hinges are shown in Figure 5.1, and the necessary measurements are

presented in Figure 5.2.
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Figure 5.1 Assigned coordinate frames and acting forces/moments.
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Figure 5.2 Measurements of a PRR link.
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5.1.1 Derivation of C, r,

The procedure for deriving full C, o matrix for a PRR link is the same for all
hinges. Hinge 1 will be derived in detail to be as an example and the acting forces of
other hinges will be presented.

Hinge 1

We will calculate the output compliance matrix of flexure hinge 1 with respect to
point “0” caused by F,,, F,,, and M,,, [61].
0Ax)  0Ax} 0Ax}

oF,, 0F,, 0J0M,,
_|0Ay; 0Ay; 0Ay,

Cna = OF,x 0F,, 0M,, (54)
0Aal 0Aal 0Aal
| 0F,, 0F,, OM,,]
The forces and moments acting on Hinge 1 are as follows:
Fiy = Fy, (5.5)
Fiy = Fip — Foy (5.6)
M, = (%3 + 2R, + lz) Fin — AF,, — BE,, + M,, (5.7)

The compliances are computed by defining the translational and rotational
displacements and taking the derivatives of the displacements with respect to output

forces as moments as follows:

> Calculating the compliances da}/0F,y, das/0F,,, das/dM,,

The rotational displacement about z-axis Aa; at point 1 respect to 1 coordinate
frame:
Aa (5.8)
-
ai M

Where [%] is the rotational compliance of hinge 1. The rotational displacement
z 11

Aa,
'M1Z + I:FZ:I 'Flle

1 1

about z axis at point “0”, Aa} is the same as the Aa] rotational displacement. Thus, the

compliance results are the same as the derivatives of Aaj:

ohay _ [Aaz] (A+R) 5.9

aFox - MZ . . 1 ( . )
0Aal [Aaz]

= — .B 5.10

oF,, M, |, (5.10)
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oAa} [Aaz] 5.11)

oM,, LM,

> Calculating the compliances 0Yy /0F,y, 03 /0F,y, 0Ya/0M,,

The translational displacement about y-axis Ay, at point 1 respect to 1 coordinate

frame is given at:

A
2| MR, (5.12)

Ay
Fy 1 Y M, 1

The translational displacement about the y-axis at point 1, Ayl compliances

caused by F,,, F,yand M,, are calculated as follows:

oAy} lAyl [Aaz]
=—|=| — AR 5.13
dF,, El M ! (3.13)
Ayl [Aaz]
= .BR (5.14)
oF,, Ml

Ayl (A
4] [“z] R, (5.15)

oM, LM, 1,
The translational displacement about y-axis at point “0”, Ayz, is the summation of
Ay} and the displacement caused by the rotational motion of the assumed link having a
measurement of A shown in Figure 5.2:
Ay} = Ayl + A. Aa} (5.16)
The translational displacement Ay} compliances caused by F,x, F,y and M,,, are
calculated as follows:

0Ay,  0Ay] 4 dAa}

aFox aFox aFOX
Ayl [Aaz] < Aa,
=2 -] ar+a( -] @+ ro (5.17)
[Fy 1 MZ 1 MZ 1

M, 1,

Ay Aafz
- | —[AR1+A(A+R1)][ ]
R,
0Ay,  0Ay[ 4 dAa}

0F,, 0F,, 0F,y

=—[A“Z] BR —A[Aaz] B (5.18)
Ml M, 1 '

= —B(R, + 4) ﬁvﬂ

z-1
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oM, _om,, " om,,
- [Aaz] R +A [Aaz] (5.19)
M, |, M, ],
aZ
il

> Calculating the compliances 0x;/0F,,, 0x5/0F,,, 0x3/0M,,

0Ay, 0Ay{ 4 dAa}

= (R,

The translational displacement about y-axis Ax] at point 1 respect to 1 coordinate

frame:

axt = [24] r
x = || Fue (5.20)
x4

The translational displacement on the x-axis at point 1, Ax] compliances caused

by F,x, F,, and M, is calculated as follows:

dAx]
1 _o (5.21)
oF,
aA
xl [ (5.22)
an1
- 5.23
am,, ~© (5-23)

The translational displacement Ax} at point “0” is the summation of displacement
Ax? at point 1 and the displacement in x direction caused by the rotational motion of the
assumed link having a displacement of A shown in Figure 5.2:

Ax! = Ax] + [A — Acos Aal]
=0

(5.24)

The second term of the summation in Eqn. 5.24 is very small so we can take it as
0 and the translational displacement Axl becomes equal to the translational

displacement Axj. Thus, the compliances of the Ax} displacement are the same as Ax;:

dAx}
“1_ (5.25)
oF,
dAx}
L [ (5.26)
oA
4 (5.27)
OM,,
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The compliance calculations for other hinges are similar to hinge 1. Only the
forces acting on the hinges and calculation of displacements with respect to “0” point
are presented.

Hinge 2

The output compliance matrix of flexure hinge 2 with respect to point “o” caused
by Fox, F,y and M, is in Eqn. 5.28. The values of the matrix are calculated as we have
shown for Hinge 1:

[0Ax2  0Ax%: O0Ax2T
oF,, 0F,, 0dM,,
Ay 0AyZ 0Ay2

Crr = 5.28

"2 0F,, 0F, 0M,, (528)

0Aa2 0Aa? 0Aa?

| 0F,, 0F,, 0M,,]

The forces and moments acting on Hinge 2 are as follows:
Fox = Ky (5.29)
Fyy = Fip — Fyx (5.30)
l

M,, = <E3) Fin = (I3 + 1) F,x — BF,y, + M,, (5.31)

The translational and rotational displacements of Hinge 2 with respect to “o0”

coordinate frame are defined as in equations below:

Aa Aa (5.32)
Aazz[ Z] M +[—Z] .F,,R
2 MZ 2 2 MZ 2 i
Aa? = Aa? (5.33)
Ay Ay (5.34)
Ayzz - [_l .Fz + [_] 'MZ Rz
Bl Ml
AyZ = AyZ + (I3 + 1). Aa? (5.35)
Ax
AxZ = [_ . (5.36)
El,
Ax? = Ax2 + [(I3 + 1) — (I3 + 1) cos Aa?] (5.37)

~0
Hinge 3

The output compliance matrix of flexure hinge 3 with respect to point “o” caused

by Fox, F,y, and M, is expressed as:
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[0Ax3  0Ax3 0Ax3
oF,, OF, OM,,
dAy3 Ay 0AyS

Chz = 5.38

"\ 0F, OF, 0M,, (-38)

dAa3 0Aad 0Aad

| 0F,,  0F,, O0M,,]

The forces and moments acting on Hinge 3 are as follows:
F3, = F,y, (5.39)
F3, = Fip — Fyx (5.40)
!

M,, = (53 + 2R, +1 )F- — AF,y — CE,, + M,, (5.41)

The translational and rotational displacements of Hinge 3 with respect to “o”

coordinate frame are defined as:

Aa Aa (5.42)
Aa3 = [—Z] M, + [—Z] .F3,R
3 M, 3z M, |, 3ylt3

Aad = Aa3 (5.43)

Ay Ay (5.44)
Ay3 = [ ] Fay 4[] MaoRs

zd3
Ay = Ay3 + A.Aad (5.45)
4
Ax3 — [_ F3x (5 6)
Ax3 = Ax3 + [A — Acos Aal] (5.47)

~0

Hinge 4
The output compliance matrix of flexure hinge 4 with respect to point “o” caused

by Fox, Foy and M, is given as:
0AxS  0Ax; O0AxE
0Fy, 0F,, 0M,,
dAyy 0dAyr OAy}

Chg = 5.48

" T1OF,, 0F, 0M,, (5:48)

dAat OAal 0Aa}

| 0F,x 0F,, 0M,,]

The forces and moments acting on Hinge 4:
Fix = Foy (5.49)
Fyy = Fi — Fyx (5.50)
l

M,, = <73> Fin — (l3 + l4)Fox - CFoy + M,, (5.51)
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The translational and rotational displacements of Hinge 4 with respect to “o”

coordinate frame are defined as in equations below:

Aa Aa (5.52)
4 z z
= M —\| .F,,R
st <[22 o+ 3] o,
Aat = Aaj (5.53)
Ay Ay (5.54)
Ayf - [_l .F4 + [_] .M4 R4
2 PR V71 P
Ayr = Ays + (I3 + 1y). Aa (5.55)
Ax
E, 4
Axg = Axi + [(l3 + l4_) - (l3 + l4_) COS Aag] (557)

~0

Hinge 5

The output compliance matrix of flexure hinge 5 with respect to point “o” caused
by Fox, Foy and M, is given as:

[0Axy  0Ax> 0Ax]T
oF,, 0F,, 0M,,
Co = dAy> dAy> 0AyS (5.58)
oF,, 0F,, 0M,,
dAad dAad O0Aal
| 0F,x 0F,, 0M,,]

The forces and moments acting on Hinge 5 are expressed as:

Fsy = Fox (5.59)
FSy = Foy (560)
Ms, = —DF,, + M,, (5.61)

The translational and rotational displacements of Hinge 5 with respect to “o”

coordinate frame are defined as:

Aa Aa (5.62)
A5=[ Z] M [—Z] Fs,R
as M, |, 5z T M, |, sy Rs

Aad = Aa? (5.63)

Ay Ay (5.64)
Ay5=l—l .F, +[—] .Mg,R
5 Fy ) 5y M, ; 5z1t5

Ay = Ay2 + D.Aa; (5.65)

(5.66)

A 3= [— F
X = .
5 Fx ; 5x
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AxS = Ax2 + [(D) — (D) cos Aa3] (5.67)

=0

Hinge 6
The output compliance matrix of flexure hinge 6 with respect to point “o” caused

by Fox, F,y, and M, is expressed as:
[0AxS  0AxS 0AxST
oF,, 0F,, 0M,,
dAyS dAyS 0dAyS

Cre = 5F dF,, oM, (5.68)
0Aal 0Aal 0Aad
| 0F,,  0F,, O0M,,]
The forces and moments acting on Hinge 5 are as follows:
Fey = F,y (5.69)
Fey = F,y (5.70)
Mg, = —lgF,, + M,, (5.71)

The translational and rotational displacements of Hinge 2 with respect to “o”

coordinate frame are defined as:

Aa Aa (5.72)
A 6=[ Z] M [—Z] .Fg, R
Qg M, |, 6z T M, |, 6yle
Aab = Aaf (5.73)
Ay Ay (5.74)
Ayé = |—=—| .F, [—] .M., R
Ye [FJ’L 6y T Ml 6zRe
AyS = Ayg + lg. Aa$ (5.75)
Ax
Axg = [? Fey (.76)
x g
AxS = Axg + [(Ig) — (Ig) cos Aaf] (5.77)

~0

The PRR link is composed of two parallel links and a link connected in serial to
the parallel link. In order to compute the full C, 5, compliance matrix we will use the
equivalent spring constant calculation method. When the links with hinges are
connected in parallel the equivalent compliance is calculated in Eqn. 5.78 and when the

links with hinges are connected in serial the equivalent compliance is calculated as:
1 1 1
/e, = et e, (5.78)

Ceq = Cl + Cz (579)
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According to the calculation of equivalent compliances, first, the equivalent
compliance of the prismatic joint is calculated. As it is shown in Figure 5.1, hinge 1°’s,
hinge 2’s, hinge 3’s and hinge 4’s assigned coordinates frames are rotated around 90°
from the O coordinate frame so that Cy;, Cpp, Cpz and Cpa compliance matrices should
be rotated by 90° before calculations. The transformation matrix is T; shown in Eqn.

5.80, and the rotated compliances are calculated as follows:
cos(m/2) —sin(m/2) O

T, = |sin(m/2) cos(m/2) O (5.80)
0 0 1
Chy = T1.Cpa (5.81)
Chz = T1. Cpz (5.82)
Chz = T1.Chs (5.83)
Cha =T1.Chay (5.84)
The links that form the PRR link have the compliances in the following form:
CLioF, = Cn1 + Chy (5.85)
CrypF, = Chz * Cha (5.86)
CrooFy = Cns + Che (5.87)

The prismatic joint’s compliance is composed of the links 1 and 2 and they are
connected in parallel so the prismatic joint compliance can be expressed as:
-1

CPlOﬂFO = [CLlo;Fo_l + CLZO,Fo_l] (5.88)

The prismatic joint and the third link, which is composed of flexure hinges 5 and

6, are connected in series as shown in Figure 5.1 so the compliance that relates the
output forces/moments and output displacements of a PRR link becomes:

Cryry = Cpior, + CLyy (5.89)

The other two PRR links are the rotated version of calculated PRR link of 120°

and -120°. The compliances of the other PRR links can be calculated by using T, and T3

transformation matrices as follows:

cos(2m/3) —sin(2m/3) O
T, = |sin(2m/3) cos(2m/3) O] (5.90)
0 0 1
cos(—2mn/3) —sin(—2m/3) 0
T3 = |sin(—=2m/3) cos(—2m/3) O (5.91)
0 0 1

The displacements at point “0” caused by the two PRR links can be calculated as:
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— T
UTZO,FO - TZ CTl,Fo T2 FO
| —

5.92

T (5.92)

UT30,F0 = T3€T1,FOT3T F, (5.93)
T3,Fo

CTZ'FO == TZCTl,FoTZT (594)

Cryp, = T3CT1,FOT3T (5.95)

The three PRR links are connected in parallel. The compliance matrix Co o 1S
calculated by the equivalent compliance rule as:

-1

Cor, = (Cryp, "+ Cryp, t + Cryp, ™) (5.96)

By using C,r, compliance matrix and applied output forces/moments we can

easily find the output displacements of the stage as:

Ax, Fox
Ayo = CO,FO Foy (597)
Aa, Mo,

5.1.2 Derivation of C, rin and Cip ro

The compliance matrix gives us the relationship between the output displacements
of point “0” and the input forces Fii,, F2in and Fs;, actuated by the piezo actuators. The
compliance matrix is calculated with the same method used for C, 5, compliance. The
first PRR link’s Co, rin and Cinro compliance will be found and the other two PRR links
will be calculated by using the transformation matrices. Finally, using equivalent
compliance method C, gin and Cin,ro compliance matrices of the 3PRR mechanism will
be found [61].

The input forces are acting on the prismatic joints of PRR links so Hinges 1, 2, 3
and 4 will be taken into account for the computation.

Hinge 1

(5.98)

0Axt  0Ayl 0Aal T
CH10,F0 =
aF1in aF1in aF1in
Calculating the compliances 0Ax}/0F;;,, 0Ayl/0F;;, and 0Aal/0F,;, are

calculated by using the defined acting forces on the hinge 1 and the displacements

defined by the forces as:
08y _ 5] (3 +2re 41+ R)) (5.99)
OFyn LM, 1 "\2 2rz '
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oAyl [Ay Aa,1 (3
e T R R AL

i o (5.100)
+[Aaz] A<l3+2R +1 +R)
MZ 1' 2 2 2 1
dAx]
Yo _ (5.101)
aF1in
Hinge 2
0AxZ  aAy?  9Aa2]
H2o,Fo =[ > Yo °l (5.102)
aF1in aF1in aFlin

Calculating the compliances 0Ax2/0Fq;,, 0Ay2/0F;;, and 0Aa3/0Fy;, are

calculated by using the defined acting forces on the hinge 2 and the displacements
defined by the forces as:

0Ads _ [Aaz] <l3 +R ) 5.103
OFy, LM, 1,"\2 " 72 (5.103)
0Ay? [Ayl [Aaz] <l3) Aa, I
A .—R+[ ].(z+z)(—+R) 5.104
0Fun |E [, LM 1,7 \2/7% "M, 1,2 7 2 7 (5.104)
08%s _ 4 (5.105)
aF1in '
Hinge 3
3 3 31T
Cus, p, = laAXO d0Ay; E)Aaol (5.106)
aF1in aF1in aFlin

Calculating the compliances 0Ax3/dF;i,, 0AyS/0F;;, and 0Aad/0F;;, are

calculated by using the defined acting forces on the hinge 3 and the displacements
defined by the forces as:

oA [Aaz]
aF1in .

l
(—3 + 2R, + 13) + R, (5.107)
213 \\2

M
oAyd  [Ay Aa,1 (3

. o (2 + 2R, +1 )R
0Fyin [Fy 5 [MZL (2 Y

(5.108)
+[Aa2] A <l3+2R +1 )+R
MZ 3' 2 4 3 3

08X _ 4 (5.109)

aF1in '
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Hinge 4

(5.110)

c B [ang dAy2 aAang
H4o,Fo —
* aF1in aF1in aFlin

Calculating the compliances 0Ax¢/0Fq,, 0Aye/0F;, and 0Aal/0Fy;, are

calculated by using the defined acting forces on the hinge 4 and the displacements

defined by the forces as:
0Ao¢  TAa, Iy
= A= R .
OF1in [MZL <2+ 4) (5.111)
dAy;  [Ay Aa,1 (g Aa, Iy
== (2)r s +1 <— R) |
0F1in le4+[MZL <2) 4+[MZL(3+4) 5 T ha (5.112)
oAx3
= = 0 (5.113)
aF1in

If we use the equivalent stiffness rule the links of the prismatic joints will have the

compliances as:

CLioFin = CHigFin T CH2o Fin (5.114)
ClyoFin = CH3oFin T CHag Fin (5.115)

— —_11—1
CPIO'Fin = [CLl().Fin ! + CLZO'Fin 1] (5.1 16)

The output displacement of the PRR link can be written in terms of input force Fj,
in Eqn. 117 and in terms of output force matrix F:
Up,, = Cp,y i, Fin (5.117)
Up,, = Cp,,r,Fo (5.118)
When Fj, is the unit force the equivalent output force can be calculated as follows:
Feroeqy = IV(Crio 5, )- Coro i (5.119)
The Cop1in compliance caused by Fjj, from prismatic joint 1 can be calculated as in

Eqn. (5.120). Again by using the transformation matrices T2 and T3 that are presented

while calculating C, g, the Co r1in and C, r2in compliances can be calculated as:

CO'Flin = CO'FO. FPloeqv (5.120)
CoFpin = T2:Cory, (5.121)
Co,Fyin = T3-Coryin (5.122)

The full C,,rin compliance matrix of 3PRR compliance stage is given as:

Copin = [Cobsm  Corpin  CoFsml (5.123)
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Cin,ro 1s the transpose of the C, rin SO it can be written as:

T
Cin, = [Co,Fin] (5.124)
5.1.3 Derivation of C;, rin

Cinrin compliance matrix relates the input displacement and the input forces
acting on the mechanism and it is in the form of:
Ciniy = [CinFri  CinFom  CinFa] (5.125)

When a unit force is applied the Cin,r1in Will be equal to the input displacements
and Fyj, will be equal to equivalent output force so it can be written as:
CinFiin = CinFo FPrgoq (5.126)
For the other prismatic joints using transformation matrices the following
expressions could be written:
Cinryy = Cingp,- T2 Fploeq,, (5.127)
CinFsin = Cinpyp-T3-Fpy g, (5.128)

5.1.4 The Jacobian matrix of 3 PRR compliant mechanism:

The Jacobian matrix gives us the relationship between the input displacement and
output displacement of the stage and it can be found by using the compliances of the

mechanism when there is no external forces, F,=0, as follows:

Uin = Cinryy,- Fi (5.129)

Fin = inv(Cinp,,)- Uin (5.130)

Uy = Cop,,. F; (5.131)

Uo = Corp- inv(cin,Fin) Uin (5.132)
Jacobian

] = Cop,,- iV (Cinr,,) (5.133)

5.2 The Results and Comparison with FEA

The in-plane compliances (Ao,/M, , Ay/F, and Ax/Fy) are calculated by using the

material properties and geometric properties of the circular flexure hinges that are
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presented in Table 5.1. In Section 4 we have analyzed the methods for finding the best
calculation method for the in-plane compliances and the results state that Paros and
Weisboard’s calculations give the best translational compliance in y direction, Ay/Fy,
and rotational compliance in z direction, Aa,/M,, and finally, the translational
compliance in x direction, Ax/Fy, can be most accurately calculated by the Wu and
Lobontiu’s method. The compliance results are presented in Table 5.2. All hinges have
the same geometric properties (R;=R,=R;=Rs=Rs;=R¢) so the calculated in-plane
compliances for all hinges are also the same. The link lengths of the 3-PRR compliant
mechanism are shown in Table 5.3. The kinetostatic compliance method results are

presented in Table 5.4.

Table 5.1 Material and Geometric Proterties of Circular Flexure Hinges

. . Minimum

Radius of Width of the . Modulus of . .
thickness of Poisson’s ratio

Hinges (R) Hinges (b) ' Elasticity (E) '
the hinges (t) 5 ration (V)

[mm] [mm] [N/mm~]
[mm]
3.6 10 0.8 71.7¢3 0.33

Table 5.2 Calculated In-Plane Compliances of Circular Flexure Hinges

Ax/Fy [pm/N] Ay/Fy [pm/N] Aa,/M, [rad/Nm]

0.006418110 0.9103117 0.06889

Table 5.3 Link Length of 3-PRR Compliant Mechanism

11 12 13 14 15 16 17 18

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
8 15.6 8 10 18 8 12.6 11.07
A B C D

[mm] [mm] [mm] [mm]

51.87 64.47 46.47 30.87
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Table 5.4 Compliance Results for 3-PRR Compliant Mechanism

Compliances and Jacobian Results
Coro 3.145 1.479 0
' 1.479 3.145 0
[um/N, rad/N, pm/Nmm, prad/Nmm ] 0 0 22900
Co rin —3.422 1.781 1.641
’ 0.081 2.923 —3.004
[nm/N, prad/N] ~217.015 —217.015 —217.015
Cinrin 3.093 —0.0621 —0.0621
’ —0.0621 3.093 —0.0621
[nm/N] —0.0621 —0.0621  3.093
—1.103 0574 0.529
J 0.026 0942 —0.969
74.445 74445 74.445

C,rin and Jacobian of the 3-PRR compliant mechanism are the most important
results because they can be useful while computing the dynamics and kinematics of the
mechanism while providing the position control of the stage. Because of this the
kinetostatic method results of C,rin compliance and Jacobian of 3-PRR compliant
mechanism are compared with the Finite Element Analysis. The procedure of the Finite
Element Analysis by using COMSOL Multiphysics 3.5a software has been explained in
Section 4. Unit forces have been applied to free 3-PRR compliant mechanism as shown
in Figure 5.3. The unit forces F;, F, and F; are applied individually, and the
displacement at point C and the rotation of the triangular stage are examined. The
displacements at points 1, 2 and 3 have also been measured for the calculating the
Jacobian matrix of the stage. The displacement results of FEA and Kinetostatic method
are presented in Table 5.5 when unit forces are applied and the Jacobian matrix results

are shown in Table 5.6
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Figure 5.3 Boundary conditions of 3-PRR compliant mechanism for FEA.

Table 5.5 The C,F;, compliance matrix results of FEA and kinetostatic method

Finite Element Analysis Kinetostatic Method
FO Ao Tum] | Avefam] | Acs(urad] | A, (um] | Aycfam] | Aos urad
Fi=I N | —3.67484 | 0.065175 —254.5 —3.422 0.081 —217.015
F,=I N | 1.893011 | 3.150424 —254.5 1.781 2.923 —217.015
F:=I N | 1.781824 | -3.21459 —254.5 1.641 —3.004 —217.015

Table 5.6 Jacobian matrix results of FEA and kinetostatic method

Finite Element Analysis

Jacobian Matrix

Kinetostatic Method

Jacobian Matrix

]FEA

=10.017035

—0.97549 0.503504 0.472986]
—67.5578

0.836286
—67.5578

—0.8533
—67.5578

]Analytical
—1.103 0.574 0.529
=1 0.026 0.942 —0.969
—74.445 —74.445 -—74.445

The % errors of C, rin and Jacobian matrices when compared to the Finite element

Analysis are shown in Table 5.7 and Eqn. 5.134, respectively. According to the results

the C,,rin compliance matrix the angular displacement of the stage has the most error

which is almost 15% and the error for displacements in x-y axes is between 8-9%
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except the displacement in y direction for F;. This is because of the small values of
displacements in that direction compared to the other directions as shown in Table 5.5.
The Jacobian error is greater than C, rin, Which is expected because it is composed of
Cinrin and C, rin compliances. This means that we also have errors while calculating
Cin,rin compared to FEA results. The huge error at the 2™ row 1 column of Joyermor has
the same reason of F; force direction which provides smaller displacement when

compared with the other directions.

Table 5.7 % errors of computed C,F;,

Forces % error Ax. % error Ay, [pum] %error Ao,
Fi=1 N 6.875 24.488 14.728
F=I N 5.898 7.214 14.728
F:=I N 7.913 6.542 14.728

—13.115 -14.074 —-11.855
Joerror = —53.57 —=12.703 —13.522 (5.134)
—10.193 -10.193 -10.193

The errors are identical when we look at our error results while computing the in-
plane compliances of the flexure hinges which are presented in Table 3.3. With this
technique we do not calculate the bending effects of the links connected to the flexure

hinges, which are also calculated with Finite element analysis.

5.3 Dynamics of the Compliant Mechanisms

3-PRR mechanism decouples the stiffness between the actuators and the output
motion of the end-effector, which is the center of the triangular stage. Therefore, we can
have three independent single input (F;) single output (u;) systems, which will ease the
computation of controlling the system. As shown in Figure 5.4 we have used the mass-
spring model for calculating the dynamics of the mechanism in each actuation direction

ug, Uy and Us.
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Figure 5.4 The mass-spring model of compliant mechanism.

We can simply write the dynamics of the three mass-spring systems, which
generates the dynamics of the 3-PRR compliant mechanism by using the C,Fj, and
Jacobian matrices calculated with kinetostatic modeling technique. The mass-spring
model for each direction can be written as follows

M, + Kiu; = F; (5.134)

M; is the mass matrix, K; is the stiffness matrix, and F; is the force matrix where
i=1,2 and 3 represent each actuation direction. By using the compliance C, pin and
Jacobian matrices we can compute the stiffness matrix K;. Copin compliance matrix
relates the input forces to the output displacements Ax, Ay and Aa. The inverse of
computed Jacbian matrix, J, can be used for transforming the output displacements to
the displacements in actuation directions which are u;, u; and us. The corresponding

scheme is given as:

Ax F1
Ay| = Cor,, - |F2 (5.135)
Aa F3
Fi Ax
Fl=Cop, - |y (5.136)
F3] Aa
[Ax Uy
Ay =1-[uz (5.137)
| Aa Us
F1 ul
Fl=Cop, "7 [uz] (5.138)
Fl 7% lus
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By reorganizing the mass-spring systems, the dynamics of the mechanism can be

written as in eqn. (5.139)

m 0 0] [U Uy F;
0 m O[]+ Cop, T |ta| =|F (5.139)
0 0 ml lug Us F3
The mass matrix M for 3-PRR compliant mechanism is given as:
005 0 0 (5.140)
M=|0 005 0 |[kel
0 0 0.05
The computed K matrix for our 3-PRR compliant mechanism becomes:
0.1 -0.22 -0.22
K=(-022 01 —0.22|[N/um] (5.141)
-0.22 -022 0.1

The mode equation of the mechanism based on the vibration theory can be written

as:

(K—w!M)®; =0 (5.142)

Where ®; is the eigenvector representing the mode shapes and j representing the

mode numbers. w]-z describes the corresponding natural cyclic frequency, and it can be
obtained by solving the characteristic equation as follows:

|[K—w?M| =0 (5.143)

If we define an A matrix as in Eqn. 5.144 we find the a)jzby calculating the

eigenvalues of matrix A. From the relation w = 2nf we can calculate the natural

frequencies as:

A=MK (5.144)
w? = eiq(A) (5.145)
=Y (5.146)

fi = 21 '

We have calculated the first mode natural frequency of the 3-PRR compliant
mechanism as 404 Hz, while The FEA result was 367.9 Hz resulting a difference of
9.8% for calculating the natural frequency of the mechanism by using the compliance

and jacobian matrices that we have calculated from Kinetostatic Method.
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5.4 Conclusion and Comments

Kinetostatic method, which combines the kinematics and static of the compliant
mechanisms has been used to provide an easier and faster calculation method compared
to Finite Element Analysis. We have applied this method only for our 3-PRR compliant
mechanism because this method has been applied in previous studies on 3-RRR
compliant mechanism with different links configuration. The method depends on the
compliance calculations as we have analyzed in the previous section. We have
compared the C,pin matrix results with Finite Element Analysis the angular
displacement of the stage has the largest error which is almost 15% and the error for
displacements in x-y axes is between 8-9%. In the Jacobian matrix errors are between
almost 13-15%. The errors are because of the compliance calculation errors that we
have seen in Section 4 and we have taken the links as rigid ones, whereas in FEA the
links also bending effects are taken into consideration. After by using C, rin compliance
matrix and Jacobian matrix we have defined mass-spring systems for each actuation
direction. We have calculated the stiffness matrix and finally we obtained the natural
frequency of the mechanism, which is close to Finite Element Analysis results with the
error of 9.8%. We can conclude that the Kinetostatic model should be improved to be
used instead of FEA while designing. The bending effects of the links can be taken into

account to improve the results.
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6 EXPERIMENTAL SETUP AND PERFORMANCE RESULTS

This section presents the experimental setup that is built for our 3-RRR and 3-
PRR compliant micropositioning stages. The parts that are designed for assembling the
piezoelectric actuators and the measurement system with the stages are explained in
detail. The results of the performances of these stages are also examined by comparing

the FEA and Kinetostatic modeling results to each other.

6.1 The Experimental Setup

The experimental setup shown in Figure 6.1 is composed of mechanical parts and
electronic equipments. The designed mechanical parts are the mechanisms, three
piezoelectric actuators, a base table, three sliding stages with micrometers, a laser
position sensor and a middle base. The electronic equipments are dSPACE 1103
controller, piezoelectric actuators amplifier, the stain gauge amplifier and the electronic

circuit of laser positioning sensing diode.

3-PRR Mechanism

Base Middle Base

(a)
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Piezoelectric Actuators and
Micromotion Sliders Position Sensing
Circuit

Laser Source

3-PRR
Mechanism

dSPACE 1103
Controller

L N RS

Piezoelectric Actuators
Amplifier

Straingauge Amplifier

Figure 6.1 Full experimental setup photos.

6.1.1 Manufactured Compliant Mechanisms

Designed 3-RRR and 3-PRR compliant micropositioning stages are manufactured
by using Wire Electrical Discharge Machining (Wire EDM) technique which uses
electrical discharges to cut the desired shape from the material. The electrical discharge
is created between an electrode and the workpiece. While spark is jumping across the
gap between the electrode and the workpiece, the material is removed and the desired
2D shape is cut. The accuracy of this machining technique is high when compared to
CNC machining and other traditional machining techniques. This process can also make

sharp inside corners and thin walls. Because of these advantages, Wire EDM is a
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common technique for manufacturing compliant mechanisms. Manufactured 3-RRR

and 3-PRR compliant mechanisms are shown respectively in Figures 6.2a and b.

(a) 3-RRR compliant mechanism

(b) 3-PRR compliant mechanism

Figure 6.2 Manufactured compliant mechanisms using wire EDM.

6.1.2 Designed and Manufactured Other Mechanical Parts

We have three kinds of piezoelectric actuators with different lengths available to
be used as actuators with our designed compliant mechanisms. Thus our setup should
give us the flexibility of changing the compliant mechanisms and the piezoelectric
actuators. Therefore, PI’s M-332 miniature translation stages with P-853 piezoelectric

micrometer drives are used for positioning and preloading the piezoelectric actuators
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with different sizes. These miniature translation stages allow positioning manually by
using its micrometer drive with a range of 18 mm. A piezoelectric actuator fixing part is
designed to assemble on top of the stages and 6 stages are put in such a way that (shown
in Figure 6.3) the condition of the piezoelectric actuators can be adjusted in x and y
directions according to the activation link of the mechanisms so that we can drive the
flexible joints correctly and preload the mechanism. Thus, each activation link has 2

stages in X and y directions and an actuator fixing part at the top of the stages.

Sliding Stage with
Micro meter Piezoelectric Actuator

Piezoelectric Actuator

Fixture Part L
/ Activation Link

Sliding Stage with
Micrometer

(b)

Figure 6.3 Miniature translation stages for piezoelectric actuator positioning.
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The lengths of our piezoelectric actuators are 19 mm, 46 mm and 64 mm. The
ranges of the translation stages are not enough, a base stage for fixing the translational
stage according to the piezoelectric actuators that we can use is designed by drilling key
holes as shown in Figure 6.4a which enables positioning of the translational stages as
shown in Figure 6.4b. Necessary holes are also drilled for fixing the base on top of the
vibration isolation table and assemble of the stage fixture base. A middle base in Figure

6.4c¢ is designed for assembling the compliant mechanism as shown in Figure 6.4d.

Sliding Stages with
Key Holes Micrometers

Key Holes

(a) Base with key holes (b) Assembled sliding stages

. 3-PRR Mechanism
Middle Base

(c) Assembled middle base (d) Assembled compliant mechanism

Figure 6.4 Designed parts for the assembly of the setup.

All these necessary parts are manufactured by CNC milling technique, and
Aluminum 7075 is used as substrate material. The assembled setup with 3-PRR
compliant stage is presented in Figure 6.5a and by adjusting the translation sliding

stages manually 3-RRR compliant stage is assembled as shown in Figure 6.5b.
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(b) 3-RRR Compliant Mechanism

Figure 6.5 Assembling of manufactured parts of experimental setup.

A part for measurement has also been designed as shown in Figure 6.6 to
assemble the dual position sensing diode on a PCB that will be presented in the next
section. The part is designed in such a way that the optical center of the board coincides

with the triangular center of the stages. The used material is plexiglass.
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Measurement part

Figure 6.6 Measurement part.

6.1.3 Piezoelectric Actuators

The piezoelectric actuators (Figure 6.7) are Piezomechanik’s low voltage

actuators with preloading casings. Maximum force generation of these piezoelectric

actuators is 800 N. The types of actuators, their properties in the datasheets and the ones

having straingauge embedded to measure the displacements are presented in Table 6.1.

The piezoelectric actuators have semibipolar -30 V/ +150 V activation and unipolar 0

V/+150V activation. The first max. stroke value is for semibipolar activation, and the

second max. stroke value is for unipolar activation. In our experiments unipolar

activation has been used by limiting the voltage input to the actuator.

Table 6.1 Piezoelectric Actuator Datasheet Properties

Resonance
Max. Stroke | Length | Capacitance | Stiffness
Type frequency | Measurement
[um] [mm] [nF] [N/pm]
[kHz]

PSt 150/5/7 VS10 13/9 19 350 50 40 Yes
PSt 150/5/40 VS10 55/40 46 1600 12 20 No
PSt 150/5/60 VS10 80/60 64 2400 8 15 Yes
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Figure 6.7 Piezoelectric actuator.

6.1.4 Measurements, Amplifiers and Control Unit

The position measurement of the compliant mechanism is performed by using a
laser source and Silicon Sensor’s DL16 dual position sensing diode on 7PCBA3 PCB
board. The PSD and the PCB board are assembled as shown in Figure 6.8. The position
sensing diode has a 4 mm x 4 mm and 16 mm” active area. The resolution the PSD is
0.06 um with a spot diameter of 0.5 mm. The PCB has sum and difference amplifiers to
provide the bipolar analog voltage outputs, which are taken for the X and Y position of
the light spot coming from the laser source on the diode.

Dual Position Sensing Diode

PCB with Amplifiers

Figure 6.8 Dual position sensor on PCB.

The dual position measurement sensor is mounted as shown in Figure 6.9a on the

triangular stage of the compliant mechanisms by using the designed part as explained
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earlier (Figure 6.6). The laser source is mounted on the top of the mechanism as

presented in Figure 6.9b by using holders.

L 9 .

(a) (b)

Figure 6.9 Mounted dual position measurement with laser source.

Before taking measurements from the center of the compliant stages we have built
a small setup shown in Figure 6.10 to find a conversion between the displacement
values and the output voltages. Firstly we have designed a butterworth filter having two
degrees in denominator and zero degree in the numerator. The sample time of running
the laser sensor is 10™*s so the sample frequency f; is 10" Hz and the cut off frequency f,

is taken as 20 Hz. The natural frequency will be calculated as:

Wy = 2}4 = w, = 2000 (6.1)

S
The general filter transfer function in z domain is:
Y(z2) bo+biz7 ' +byz 4+ bpz"
U(z) 1+azl4a,z2+-+a,z™

(6.2)

We have taken n=0 and m=2 and calculated b and a values by using maxflat
function in MATLAB as:
bo=3.930e-5
a;=-1.991
a=9.912e-1
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Dual Position Sensing

Diode on PCB

X Direction Piezodriven §
Translation Sliding Stage

Laser Source

Y Direction Piezodriven
Translation Sliding Stage

Figure 6.10 Laser calibration setup.

After designing a filter for the output of our measurements the stages are driven

manually, and PI’s piezoelectric actuator P-854 is used for finding a conversion number

between the output voltage and displacement. 500 um, 1000 pm and 1500 pm

displacement are manually provided for both X and Y axes. Also, using the amplifier

the piezoelectric actuators are actuated to have 25 pum displacement in X and Y

directions. We have repeated these experiments many times. When Y sample stage’s

piezoelectric actuator has its maximum stroke of 25 pum the example graph for Y

voltage output shown in Figure 6.11a, and the X output voltage shown in Figure 6.11b.

The difference voltage for the y 25 um motion corresponds to 0.00176 V output. Thus,

the sensor will have conversion of 1.4239e+4 um/V. We have used this conversion

number for our compliant mechanisms triangular stage center displacement

measurements.
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Figure 6.11 (a) Filtered output Y voltage, (b) Filtered output X voltage.
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Piezomechanik’s analog amplifier SVR 150/3 is used for actuating the
piezoelectric actuators. The amplifier allows semibipolar -30 V / 150 V actuation by
amplifying the input voltage coming from the controller, and it has 3 independent
channels that allows us to amplify 3 piezoelectric actuators at the same time. The
maximum amplifying gain is 30.

Dataforth’s SCM5B38-05D strain gauge input module is used for half bridge
circuit of the straingauge to amplify and measure the output voltage. The signal
conditioning product has the input range of -20mV to +20mV, and its sensitivity is
2mV/V, while its output range is -10V to +10V. A conversion parameter between the
strain gauge output voltage and the displacement of the piezoelectric actuator is found
by giving the maximum stroke for PST 150/5/80 VS10 type piezoelectric actuator. The
piezoelectric actuator is both driven by unipolar and bipolar actuation. Figure 6.12a
shows the output voltage for max. unipolar actuation The difference between the max
and min values of the straingauge output is 6.412V. The max stroke for the bipolar
actuation is 80 pum. Thus, for 1 pum actuation 80.015 mV is the output voltage. The
conversion value from voltage to displacement is 12.477 um/V. Figure 6.12b shows the
output voltage for max. bipolar actuation. The difference between the min and max
output voltage values taken from the straingauge circuit is 4.857 V. The max stroke for
the unipolar actuation is 60 pum. Thus, 1 um displacement corresponds to 80.955 mV

output voltage. The conversion value from voltage to displacement is 12.353pum/V.

6

xpzt (V)
xpzt (V)
w

) VI
X:3.041 1 | |

| Y:0.2271 |
0

|
| |
1 1 1
0 2 4 6 8 10 12 14 16 18 20

(a) Max. bipolar actuation of PEA (b) Max. unipolar actuation of PEA

Figure 6.12 Straingauge amplifier output voltages of PEA.
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The controller board that is used for controlling and doing the experiments is
dSPACE DS1103 controller board. ControlDesk software environment which allows C
language is used for coding. The connections of dASPACE are shown in Figure 6.13. The
measurement outputs from straingauge amplifiers or dual positioning sensors are
connected to dSPACE by using analog-to-digital connections (ADCs), and the
necessary outputs coming from the dSPACE to the piezoelectric actuator amplifiers

inputs are through digital-to-analog connections (DACs).

Figure 6.13 Connections of dSPACE with measurements and amplifiers.
6.2 3-RRR Performance Results

The experiments are performed for 3-RRR Compliant micromotion stage by
actuating the piezoelectric actuators and examining the end-efector motion, which is
measured by the dual position sensing detector. The used piezoelectric actuator is PSt
150/5/40 having 40 pm maximum stroke with unipolar actuation. The direction of the
uj, up and u; vectors shown in Figure 6.14 and the workspace of the 3-RRR compliant
mechanism are determined. As in the finite element analysis the experiments are done
in two ways. Firstly, only the actuators in action are assembled to the stage. Secondly,

all actuators are assembled to the stage even though they are not actuated all the time.

Piezo 1

Piezo 3

Figure 6.14 Motion vectors of PEAs in 3-RRR compliant mechanism.
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Piezo 1 is actuated while other piezoelectric actuators are not connected to the
mechanism. Respectively 90 V, 120 V and 150 V are supplied to the piezoelectric
actuator, and the end-effector motion in X and Y axis is shown in Figure 6.15a. After
that only Piezo 2 is actuated with the same amount of voltages, the results are presented
in Figure 6.15b. Lastly, Piezo 3 is actuated in the same way. The results of Piezo 3 are
shown in Figure 6.15c. In micropositioning of flexure based mechanism the small
displacements are almost linear so a linear curve is fit for the results to estimate the
direction of the vectors. According to the slope of the motion vector u; has a slope of -

62.493 °, u, has a slope of 56.88°, and u; has a slope of 2.117 © with X axis.
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Figure 6.15 3-RRR compliant mechanism experiment displacement results when only 1 PEA is

assembled.

The same experiments are performed but all actuators are assembled to the
mechanism as shown in Figure 6.16. The blue piezoelectric actuators are the ones that
are not active and the red ones are the ones that are actuated. 30 V, 60 V, 90 V, 120 V
and 150 V are supplied to the piezoelectric actuator and the end-effector motions in X
and Y axes are examined. Linear curves are fit to the graphs to estimate the slope of the
motions. Only Piezo 1 is actuated in Figure 6.16a, and the motion vector u; has a slope
of -59.96°, Piezo 2 is actuated in Figure 6.16b, and the slope of the motion vector u;, has
a slope of 58.2°. Finally, in Figure 6.16c only Piezo 3 is actuated and the slope of its
motion vector us is -3.75°.
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Actuation of Piezo 1

T T ; T
—— experimental data

y displacement [um]

-80 5

10 15 20 25 30 35 40
x displacement [um]

(2)

118



Piezo 1

Actuation of Piezo 2

70

60

(%
=

©
=

y displacement [um]
S
=

Piezo

20

—+— experimental data

| — linear fit

L L L

10 15 20 25 30 35 40
x displacement [um]

. 10
Piezo 2 5

(b)

Piezo 1 Actuation of Piezo 3

—+— experimental data

y displacement [um]

Piezo 2

_-190 -80 =70 -60 -50 -40 -30 -20 -10
x displacement [um]

(©)

Figure 6.16 3-RRR compliant mechanism experiment displacement results for all PEAs are assembled.

The workspace of 3-RRR compliant mechanism is determined by giving the
maximum strokes to the piezoelectric actuators as shown in Table 6.2. All piezoelectric
actuators are assembled and ready to actuate the mechanism. The results for maximum
X and Y displacement values for the given inputs are presented in Table 6.3. The shape
of the workspace is drawn in Figure 6.17. The shape of the workspace of 3-RRR
compliant mechanism is a hexagonal but not equilateral, and the motion vectors u;, u,

and us are not parallel to the forces that are applied from piezoelectric actuators.
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Table 6.2 Workspace actuation and results of 3-RRR compliant mechanism

Piezo 1 Piezo 2 Piezo 3
Kimax [Hm] Y max [Hm] Upax [m]
[nm] [um] [um]

40 0 0 37.805393 -68.408752 78.160124
0 40 0 39.825641 64.309138 75.642229
0 0 40 -80.938537 1.885379 80.960493

40 40 0 74.4646596 -2.753272 74.515542
0 40 40 -35.804950 62.234008 71.798789

40 0 40 -42.991442 | -65.471842 78.325131

40 40 40 -5.174028 0.138919 5.175893

Workspace of 3-RRR Compliant Mechanism
El
=)
g
=)
(]
g
23
2
>

x displacement [um]

Figure 6.17 Workspace of 3-RRR compliant mechanism.
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6.3 3-PRR Performance Results

The same experiments as in 3-RRR stage are repeated for our designed 3-PRR
compliant micropositioning stage by actuating the piezoelectric actuators and examining
the end-effector motion. The direction of the u;, u; and us vectors are shown in Figure
6.18 and the workspace of the 3-PRR compliant mechanism is determined. Firstly, only
the actuators in action are assembled to the stage. Secondly, all actuators are assembled

to the stage even though they are not actuated at the same time.

Piezo 1

Piezo 3

Piezo 2

Figure 6.18 Motion vectors of PEAs in 3-PRR compliant mechanism.

Piezo 1 is actuated when other piezoelectric actuators are not connected to the
mechanism. 30 V, 60 V, 90 V, 120 V and 150 V are supplied to the piezoelectric
actuator and the end-effector motion in X and Y axis is shown in Figure 6.19a. After
that only Piezo 2 is actuated with the same amount of voltages, and the results are
presented in Figure 6.19b. Lastly, Piezo 3 is actuated in the same way. The results of
Piezo 3 are shown in Figure 6.19¢. In micropositioning of flexure based mechanism the
small displacements are almost linear so a linear curve would be a good fit to the results
to estimate the direction of the vectors. According to the slope of the motion vector u;
has a slope of -60.60 °, u, has a slope of 60.29°, and us has a slope of -2.62° with X
axis. The angles of the motion vectors are better than the 3-RRR compliant mechanism

results, which are presented in Figure 6.15.
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Figure 6.19 3-PRR Compliant mechanism experiment displacement results when only 1 PEA is

assembled.



The same experiments for 3-PRR compliant mechanism are performed for all
actuators assembled to the mechanism as shown in Figure 6.20. The blue piezoelectric
actuators are the ones that are not active while the red ones are the ones that are
actuated. 30 V, 60 V, 90 V, 120 V and 150 V are supplied to the piezoelectric actuator
and the resulting end-effector motions in X and Y axes are examined. Linear curves
provide a good fit for the graphs to estimate the slope of the motions. When Piezo 1 is
only actuated in Figure 6.20a, and the motion vector u; has a slope of -60.7°, Piezo 2 is
actuated in Figure 6.20b, and the slope of the motion vector u, has a slope of 56.27°.
Finally, in Figure 6.20c only Piezo 3 is actuated, and the slope of its motion vector uj is
-1.766°. When all actuators are connected and preloaded only the direction of the u;
vector is better than 3-RRR compliant mechanism results, which are presented in Figure
6.16. The other two motion vectors are shifted more with respect to the piezoelectric
forces that are applied to the mechanism due to the manufacturing and assembling
errors.
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Figure 6.20 3-PRR Compliant mechanism experiments for all PEAs are assembled.

The workspace of 3-PRR compliant mechanism is determined by giving the

maximum strokes to the piezoelectric actuators and taking the X and Y measurements

when all piezoelectric actuators are assembled to the mechanism as shown in Table 6.2.

The shape of the workspace is drown in Figure 6.17, which is a distorted hexagonal and

is more shifted than the 3-RRR results shown in Figure 6.17.
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Table 6.3 Workspace results

Piezo 1 Piezo 2 Piezo 3
Xmax [um] Y max [um] Unmax [um]
[um] [um] [um]

40 0 0 25.807 -46.357 53.0560
0 40 0 27.887 43314 51.515
0 0 40 -55.861 1.876 55.893

40 40 0 53.320 -3.484 53.434
0 40 40 -29.161 45.169 53.764

40 0 40 -30.367 -41.609 51.512

40 40 40 -4931 -5.880 7.673

Workspace of 3-PRR Compliant Mechanism
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Figure 6.21 Workspace of 3-PRR compliant mechanism.
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6.4 Comparison of 3-RRR and 3-PRR Compliant Mechanisms

The performance experiments of 3-RRR and 3-PRR compliant mechanisms show
us that when all piezoelectric actuators are not assembled to the mechanism 3-PRR
mechanism’s motion vectors are close to the actuation vectors so the shape of the
workspace is almost an equilateral hexagonal. This means that when only the
piezoelectric actuator, which will actuate the mechanism, is only connected and
preloaded the 3-PRR compliant mechanism gives us better results when we only control
the position of the piezoelectric actuator without having an end-effector measurement.
However, when all piezoelectric actuators are connected, which is the practical case, 3-
PRR mechanism results more shifted motion vectors than 3-RRR compliant mechanism
because of the moment creation when the other links are supported even though they are
not in action. There can be also more manufacturing and assembling errors.

When the workspaces of 3-PRR and 3-RRR compliant mechanisms are compared
3-RRR compliant mechanism has the largest strokes in every motion direction for both
of the cases (when all piezoelectric actuators are connected or only the piezoelectric
actuator in action is connected). This is because of the amplification of the input stroke
in 3-RRR mechanism is more but when we analyze both mechanisms we see that the
stress is distributed in 3-PRR mechanism more evenly than 3-RRR mechanism, so that
3-PRR mechanism can be exposed to higher force amplitudes than the 3-RRR
mechanism. Thus, the workspace of 3-PRR mechanism can be bigger. This means that
we can use piezoelectric actuator having bigger maximum strokes and applying bigger
forces for 3-PRR mechanism, whereas 3-RRR mechanism will deform in plastic region

earlier than 3-PRR mechanism.

6.5 Comparison with FEA

The experimental results of 3-RRR and 3-PRR compliant mechanisms are
compared with the Finite element analysis of the mechanisms to see how far we are
from the ideal system. The errors that we obtained from manufacturing and assembly
errors can be seen easily with this comparison. We have used PSt 150/5/60 VSI10

piezoelectric actuator having 60 pum max. stroke for unipolar actuation with strain gauge
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measurement to have the information about input displacement to compare the results

with FEA.

6.5.1 3-RRR Compliant Mechanism

12, 24, 36, 48 and 60 pum input displacements are given to each of the
piezoelectric actuators, respectively. All piezoelectric actuators are assembled to the
mechanism, and they are all preloaded ready to drive the link that they are connected to.

The results, which present the x-y displacements for each uj,;, uiny and ujy3 input
displacements, are shown in Figure 6.22. The % errors of x-y axes when compared to
FEA for each input are presented in Table 6.4. There is a large y motion in the
manufactured mechanism, whereas in FEA results the y motion is very small when only
piezo 3 is actuated. The resulting motions in the other directions have errors up to 21%

when looking at the results. Thus, we need to eliminate these errors by control methods.

Table 6.4 % errors compared to FEA for 3-PRR

uin, uin, uins

% error for

X

% error for

y

% error for

X

% error for

y

% error for

X

% error for

y

-0.088

13.75

12.87

20.95

10.86

4.39¢2

uin1 [um]

(a) Results

for ujy,
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Figure 6.22 Comparison of experimental and FEA results or 3-RRR compliant mechanism.

6.5.2 3-PRR Compliant Mechanism

12, 24, 36, 48 and 60 pum input displacements are given to each of the
piezoelectric actuators, respectively. All piezoelectric actuators are assembled to the
mechanism, and they are all preloaded ready to drive the link that they are connected to.

The results, which present the x-y displacements for each uj,;, Uiz and uj,3 input
displacements, are shown in Figure 6.23. The % errors in x-y axes when compared to
FEA for each input are presented in Table 6.5. The manufactured 3-PRR mechanism
has errors up to 20% when looking at the results. Thus, we need to eliminate these

errors by control methods.
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Table 6.5 % errors compared to FEA for 3-PRR
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Figure 6.23 Comparison of experimental and FEA results or 3-PRR compliant mechanism.

6.6 Conclusion and Comments

The experimental setup is explained in detail. The calibrations of dual positioning
sensor and straingauge measurements are presented. The experiments are performed for
3-RRR and 3-PRR compliant mechanism to see the amplitude and direction of motion
at the center of the stage by using dual position sensor. As in Finite element analysis the
experiments are done for two cases. First, one piezoelectric actuator is assembled to the
mechanism and preloaded. Secondly, all of the piezoelectric actuators are connected to
the mechanism and preloaded to be ready to drive the links. Finally, by giving the
maximum stroke from the piezoelectric actuators which is 40 um we have obtained the
workspaces of the mechanisms.

After, we have compared the experimental results of 3-RRR and 3-PRR compliant
mechanisms to each other. When only the piezoelectric actuator, which will actuate the
mechanism, is only connected and preloaded the 3-PRR compliant mechanism gives us
better results because the motion vectors are almost parallel to the direction of the
actuation forces. However when all piezoelectric actuators are connected, which is the
practical case, 3-PRR mechanism results in more shifted motion vectors than 3-RRR
compliant mechanism because of the moment creation when the other links are
supported even though they are not in action. There can also be some manufacturing
and assembling errors. The workspace of 3-RRR compliant mechanism is bigger than

the 3-PRR compliant mechanism because it is more flexible.
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The experimental results are compared with the Finite element results to see how
far we are from the ideal cases. All piezoelectric actuators are connected to the
mechanism and preloaded. PSt 150/5/60 VS10 piezoelectric actuator having 60 pm
max. stroke for unipolar actuation with strain gauge measurement is used to have the
information about input displacement to compare FEA results. The results showed us
that manufactured mechanisms are not close to the ideal actuated mechanisms implying
that we need to have a control method to eliminate those errors and make our

mechanisms to be useful as a high precision positioning stage.
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7 PIEZOELECTRIC ACTUATOR MODELING AND CONTROL

Certain crystals are found to be electrically polarized when mechanical strain is
applied. This effect is called “piezoelectric effect”. Similarly when an electric field
applied to the piezoelectric material, it deforms and this effect is called “the inverse
piezoelectric effect”. These effects are proportional to mechanical strain and electric
field which implies that compressive and tensile stresses have opposite polarity. In
1940’s during World War I piezoelectricity has been used commercially in ultrasonic
submarine detectors. Since then many researches have been made to fabricate and use
piezoelectric materials [5].

The piezoelectric effect has been used for measurement of pressure, force,
movement, strain, vibration to electric signals etc. The inverse piezoelectric effect has
been used for actuation especially in micro/nano technology because of the deformation
of the material when electric field is applied. Piezoelectric actuators have been selected
for our application because of the advantages that they have as follows:

e Posibility of being in small size,

e Having picometer positioning resolution,

e Commercially available,

e Producing low heat in low frequencies,

¢ Enough knowledge is known for controlling the piezoelectric actuators,
e Availability to be used in high frequencies,

e Providing smooth and continious motion with no friction effect.

On the contrary piezoelectric actuators have some disadvantages. The main
disadvantage is that they have hysteresis behavior in voltage/displacement or
force/displacement relations while operating. However, this hysteresis effect can be
modeled and it can be eliminated by applying closed loop control methods with

observers.
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7.1 Modeling of Piezoelectric Actuators

We have modeled the piezoelectric actuators by using Goldfarb and Celonovic
proposed model in [74], which consists of an electrical and a mechanical part. Different
nonlinear models can be embedded to the model for modeling the behavior of hysteresis
effect of the piezoelectric actuators.

Piezoelectric actuators electromechanical lumped model can be represented by the
Eqns. 7.1-7.6. v is the total voltage across the actuator, v, is the piezoelectric voltage
and v, is the hysteresis voltage. T is the electromechanical transformation ratio that
connects electrical part to mechanical part of the model. g is the total charge in the
actuator, g, is the charge transduced due to mechanical motion, H is the hysteresis
function that depends on g, F), is the force of the piezoelectric effect and Fe is the
external force on the actuator. According to Eqn. 7.6, u is the displacement, m,, ¢, and
k, are the equivalent mass, damping and stiffness of the piezoelectric actuator

respectively. F. is the control force while F; is the disturbance force.

‘q
' ST
+————-
Vh H
+o— R ———
v M
_e—— 1 +
c v
%
Fy | Fun

Figure 7.1 Piezoelectric actuator model [74]

U, =V = (7.1)
vy, = H(q) (7.2)
q="Cvy+q, (7.3)
qp =Tu (7.4)
E, =Ty, (7.5)

Mmyii+cputkyu = 7\_"3 — Tvp—Feyt
Fe Fais

(7.6)
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The lumped parameters my, ¢, and k, can be calculated according to Eqns. 7.7-7.9
by using the piezoelectric ceramic material properties like elastic modulus E, viscosity

N, mass density p and geometric properties like length L and cross sectional area A of

the piezostack:

my, = pAL (7.7)
o = nA (7.8)
= —
L
EA (7.9)
kp = T

The material properties of piezoelectric material (PZT - lead zirconate titanate) are

presented on Table 7.1.

Table 7.1 Material properties of PZT

Elastic Modulus, E Viscosity, n Density, p

6.6:10""N/m” 10 mPa.s 7800 kg/m’

7.1.1 Hysteresis Model

The used piezoelectric actuator model in Eqn. 7.6 needs information about
hysteresis vi. Thus, we need a hysteresis model. We have used Coleman and Hodgdon’s
[75] proposed hysteresis model based on magnetic hysteresis and it has been proven in

[76] that the hysteresis model is also suitable for electrical hysteresis modeling.

24
ql’lr ________________________ /
£
tan '(b
R R P ( )
a4 Z tan ' (a)

i,

Figure 7.2 Hysteresis loop and its parameters [77].

134



According to the selected hysteresis model the relationship between the hysteresis

voltage v, and charge q in the actuator is expressed as:

g=a- vy (f(vp) —vp)l + vy - g(vp) (7.10)
fwn) = ap - vy (7.11)
g(wy) = by (7.12)

a is a constant and f(uy) and g(uy,) are the functions that shape the hysteresis loop,
and they are chosen as in Eqns. 7.11 and 7.12 where a and b are the constants. In Figure
7.2 a hysteresis loop is shown, and vy, is the average voltage is applied to the actuator
by the sinusoidal input, g is the corresponding average charge to vy, and determines
the center point of the hysteresis loop, which is f(v,.). The average slope of the loop
is determined by g(vy,.). The shape functions are defined in Eqns. 7.11 and 7.12.

The center point and the average slope of the hysteresis loop in Figure 7.2 can be
calculated as follows:

4c = ApVnc (7.13)
Qur — qu = by - 24 (7.14)
qur 18 the upper right and q;; is the lower left hand side points of the hysteresis
loop and A is the input amplitude.
a parameter can be obtained by using a relation of the hysteresis loop, €, which is

derived for small amplitude of the sinusoidal input as:

4
£=§-(ah—bh)-a-A3 (7.15)

The behavior of the piezoelectric actuator should be analyzed to find the constants
an, by and o by applying small amplitude, moderate frequency sinusoidal input as
v="7+A"sin(w-t) where ¥ is the offset, A is the amplitude and w is the angular

frequency.

7.1.2 Simulation of the Model

The model of the piezoelectric actuator has been simulated by using
MATLAB/Simulink. The block diagram of the model is presented in Figure 7.3.
Piezomechanik’s PSt 150/5/60 VS10 strain gauge embedded to piezoelectric actuators
are chosen for the simulation and experiments. The parameters of the piezoelectric

actuator are shown in Table 7.2. The linear model parameters m,, ¢, and k,, are found by
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using the material properties and datasheet parameters of the piezoelectric actuator. The

hysteresis parameters a, and by, are taken from K. Abidi [77].

Vh
H(q) [
- C 3 + T [
v +>-é > T . > ! g
Vp F, ° mp-s2+cp-s+kp
Fext

Figure 7.3 Block diagram of PEA model with hysteresis.

Table 7.2 PSt 150/5/60 VS10 Piezoelectric actuator parameters

Parameter Value
m,, 9.24-10" kg
Cp 685 Ns/m
» 8-10° N/m
T 4.8 N/V
C 2.4 mF
an 5
by, 4.5
a 1.8

The piezoelectric actuator is simulated by applying 0V-150V sinusoidal input to
have the unipolar maximum stroke which is 60 um for the selected piezoelectric
actuator. v = 75 + 75sin (0.2rt) is applied, and the position result of the piezoelectric
actuator is presented in Figure 7.4. The error of the simulation results is 0.7878 um. We

can see the hysteresis effect of the piezoelectric actuator with the input piezo voltage v,

shown in Figure 7.5
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Figure 7.5 The input piezo voltage result of simulated PEA.

7.2 Sliding Mode Control with Disturbance Observer

The Piezoelectric actuators (PEA) should be control accurate enough to be used in
high precision systems. The stable control of manipulator positions are based on model
based control system analysis and design but hysteresis and uncertain disturbances
cause an obstacle to control the piezoelectric actuators. Sliding Mode Control technique

is a robust control to eliminate the uncertainties of the model and disturbances like
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hysteresis because of this advantage SMC used in nonlinear systems. In this work we
have used Sliding mode Control for position control of the piezoelectric actuator which
has a second order electromechanical system with lumped model parameters (mp, cp, kp).
The input of the system is voltage and output is the position of the piezoelectric
actuator. We have also a Disturbance Observer with Sliding Mode Controller to
eliminate the all uncertainties in the system by modeling the piezoelectric actuator with

nominal parameters (m,, ¢, k).

7.2.1 Sliding Mode Observer for PEA

We are able to eliminate disturbances by modeling an observer so that a linear
model is defined by using nominal parameters of actuator as in Eqn. 7.6. The
displacement u for every piezo actuator can be measured by using laser position sensor
and taking the inverse of the transformation matrix. The supply voltage is also
measurable. The linear model of the piezoelectric actuator is expressed as:

myui + c,u + kyu =T,v — Fy (7.16)

We can define Fy as the sum of hysteresis force, external force and the
uncertainties in the plant parameters, which are Am, Ac, Ak and AT. These parameters
are assumed as bounded and continuous:

Fy = Tyvp + Foyy + AT (v + vy) + Amil + Acu + Aku (7.17)

The observer can be designed as a position tracking system, in which Fy is
replaced with an observer control T,,v,,s, because u and v;, can be measured and the
observer transfer function is written as:

Mt + Cufl + knfl = TyVim — TyVopse (7.18)

il is the estimated position, v;, is the plant control input, v, is the observer
control input, where i = u, Fy; = T,V,psc- A sliding manifold is selected for that
purpose which is ¢ = 1t — 1l + C,,s(u — 1). The Lyapunov function which will provide
stability is taken aswv, = ¢2/2 which is positive definite and the derivative of
Lyapunov function is taken as —D,,.02 , which is negative definite. We will get Eqn.
7.19 by equating the above results and simplifying:

L=06=-D,,;02 =6+ Dy,0 =0 (7.19)

If we insert sliding mode manifold into the Eqn. 7.19:

(it — @) + (Cops + Dops) (i — 1) + CopsDops(u — @) = 0 (7.20)
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When we subtract the equations (7.18) from (7.17) and insert the result into the
above equation (7.20) we can find the equivalent control v.,. which keep system motion

in manifold ¢ + Do = 0.

1 .
vceq = T_{Fd + [Cn - mn(Cobs + Dobs)](u - ﬁ) [kn_mncobsDobs] (u - ﬁ)} (7-21)
n

Eqn. 7.21 tells us that when 0 - 0 then u — Oand T,v.q — Fy4. For the

implementations discrete form of sliding mode control is used as:

O(k) — O(k-1)
V) = Vk-1) + Kobs (Dobsa(k) + T) (7.22)

Kops 1s a design parameter that optimize the controller and d7 is the sampling
interval for discrete time control. The system and the observer can be summarized as in

Eqns. 7.23-7.25:

myui + c,u + ky,u =Ty, — Fy (7.23)
mutl + cptl + k0t = TyVim — ToyVopse (7.24)
a
Vip = V¢ + T_Uobsc (7.25)
n
V o+ Vin q Piezoelectric u »
+ Actuator
T ® Linear Plant u '__,/!54-
N »  Model N
&
SMC  [¢
Vohse .
Disturbance Observer

Figure 7.6 Block diagram of disturbance observer with sliding mode controller.

In Figure 7.6 the block diagram of disturbance observer with sliding mode
controller is presented where v is the voltage that is given to the system, vops 15 the
observer control voltage, vi, is the calculated input voltage, u is the displacement of the
piezoelectric actuator, (i is the estimated displacement and € is the estimation error.

Vopsc €an be obtained from Eqns. 7.23-7.25 as follows:
_ ThWFq — ThATau,
Vobse = T 0T,
where AT,, = T — T, if Eqn. 7.26 is plugged in Eqn. 7.23:

(7.26)
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T, aT, — (T, + aAT,)
i+ it + kyu = 7.7
Mll + Cutl & Kl = o AT T, + adT, @ (7.27)

From Eqn. 7.27 we can conclude that when @ — 1 then we obtain:
myuil + c,u + kyu = Tug (7.28)
Therefore, the system should be compensated by designing a closed loop
controller based on this model. The proposed controller will be explained in the
following section.
The block diagram for the observer is built in Simulink as shown in Figure 7.6.
The piezoelectric actuator plant is taken from Figure 7.3. The nominal parameters are
set as shown in Table 7.2. The observer is compensated and the observer control
parameters are set as Kq,s=0.00008, Dops=500, Cops=2. The results for the case v = 75 +
75sin (20mt) is applied are presented in Figure 7.7.

est [um]

uand u

time [s]

(a)
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(b)

Figure 7.7 Simulation results for sliding mode observer of PEA.

7.2.2 Position Control with Sliding Mode Control

A closed loop control is applied for the position control of the piezoelectric
actuator. The position measurement of piezoelectric actuator is obtained by using strain
gauge which is embedded within the piezoelectric actuator. The sliding manifold for the
position control is selected to be as in Eqn. 7.26 and when the sliding manifold is

reached the closed loop control showed in Eqn. 7.27 and the system is described as:

0x = (Upes — ) + Cy(Upey — ) (7.26)

Ox(k) ~ Ox(k-1)
Vi) = Vik-1) + Kux (Dx"x(m T ) (7.27)
(threr — 1) + (Cx + D) (trey — 1) + CxDy(Upes —u) =0 (7.28)

In Figure 7.8 the block diagram for position control with sliding mode controller

is added to the disturbance observer system presented in Figure 7.6.
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Figure 7.8 Block diagram of position control with sliding mode controller.

7.3 Implementation of Position Control with Disturbance Observer for PEA

The setup for implementing the proposed position control of PEA is presented in
Figure 7.8. dASPACE 1103 Controller is used for the control implementation, and the
proposed control methodology is coded in C. The sampling time for computing is
0.0001 sec. Piezomechanik’s PSt 150/5/60 VS10 with strain gauge embedded for
position measurement is used. The measurement is taken from strain gauge
measurement which is connected to Dataforth’s SCM5B38-05D for amplifying the
voltage. The voltage is converted to position after the calibration as explained in section
6.1.4. The position value is sent through DAC to DS1103. The coded control method
calculates the necessary input voltage v;, for the PEA and it is sent through ADC to
Piezoelectric Amplifier to amplify the needed voltage to provide the amplified voltage

value to PEA.

DS 1103 Controller
+

PC

A Vin

u u‘_| v

] PSt 150/5/60 VS10 ‘

\ 4

Amplifier

Strain gauge Vspzt

Strain Gauge |,
Amplifier

Figure 7.9 The Setup for implementation of position control of PEA.
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The experiments are performed to see the effect of using observer for position
control of the piezo electric actuator. First v, is set as 0, and the PEA is controlled
only with Sliding Mode Controller. Then v, is also calculated, and PEA is controlled

with disturbance observer.

7.3.1 Position Control of PEA Without Observer

The reference position for the PEA is set to u = 15 + 15 sin(27t) to examine the
sinusoidal behavior of the PEA. The SMC controller parameters are set to K,=0.001,
Cx=80000 and Dx=0.0001. The results are presented in Figure 7.10. The reference and
measured position values of PEA are presented in Figure 7.10a. The position tracking
error as shown in Figure 7.10b is between -0.65 um and -0.15 pum. The v;,, value shown

in Figure 7.10c is the calculated input voltage for PEA and it is not amplified.
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Figure 7.10 Results of position control of PEA without observer.

We have made the position control of the PEA having errors between -0.15 pm
and -0.6 pm without using disturbance observer. The error we have is big for micro

motion applications therefore, we need to use an observer to lower the errors.

7.3.2 Position Control of PEA With Observer

The same experiment is performed for PEA with observer by setting the reference
position as u = 15 + 15sin (2rt). The SMC controller parameters are the same, which
are K4=0.0009, C,=80000 and D,=1000. The Sliding mode observer parameters are
tuned as Kyps = 0.00008, Cops=0.001 and D,s=8000. The results are presented in Figure
7.11. The reference and measured position values of PEA are presented in Figure 7.11a.
The position tracking error as shown in Figure 7.11b is between 0.01 pm and -0.3 pm.
The voltage calculated with sliding mode observer v,z is shown in Figure 7.11c The
vy, value is shown in Figure 7.11d and is the calculated input voltage for PEA and it is

not amplified.
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Figure 7.11 Results of position control of PEA with observer.

We have succeeded to make the position control of the PEA having errors
between 0.1 pum and -0.09 um with disturbance observer so we can say that we have

eliminated the disturbances by using the disturbance observer.

7.4 Conclusion and Comments

Before making the position control of the compliant mechanisms the position
control of the piezoelectric actuator is accomplished by using sliding mode control with
observer. We have seen the advantage of using observer by making experiments with
and without using it. Finally, we can conclude that by using observer the disturbances
which are uncertainties, and hysteresis of PEA can be eliminated because the position
tracking error is decreased when compared the results with the without observer

position control results.
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8 POSITION CONTROL OF COMPLIANT MECHANISMS

The position control of the 3-RRR and 3-PRR mechanisms is needed to be used as
positioning stages because of the unwanted motions due to manufacturing and
assembling errors, moreover the forces acting on the mechanisms are not coinciding at
the center of the triangular stages as shown in Section 3, which causes an unwanted
rotation causing parasitic errors. We have proposed that these unwanted motions can be
eliminated by using a control method based on sliding mode control with modeling a
appropriate disturbance observer.

The unwanted motions of the mechanisms are examined experimentally in Section
6. We have observed that the kinematics calculated with the kinetostatic model and
finite element analysis do not match with experimental results because our mechanism
and setup is not ideal. Thus, with the computed models we can not make the position
control of the mechanisms by only controlling the piezoelectric actuators as we have
succeed in Section 7 so that we have asked ourselves whether we can fix this problem
with a different control methodology.

In the previous section we have only controlled piezoelectric actuators’ motion by
taking measurement from the strain gauge embedded on the piezo stack. We have seen
that sliding mode controller with disturbance observer gave us better results than
without using observer. We have implemented the same piezoelectric actuator control to
our 3-RRR mechanism by combining the three piezoelectric actuators’ models with
kinematic relation that is obtained experimentally. Instead of strain gauge measurement
we have used dual laser position measurement and converted the x-y motions of the
triangular stage to the motions of piezoelectric actuators tips. The reference is set for the
x-y motion of the stage and similarly the reference positions for piezoelectric actuators
are calculated by using the experimentally obtained transformation matrix.

The position control of 3-PRR compliant mechanism is examined more in detail
than 3-RRR compliant mechanism to enhance the position errors that we got from our

position control experiments for 3-RRR compliant mechanism. First open loop control
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for the piezoelectric actuators is implemented. Thereafter, the same control
methodology which is used in 3-RRR compliant mechanism’s position control, is used
to check for the closed loop control advantage. Then the advantage of redundant system
for high precision positioning is analyzed by controlling two piezoelectric actuators for
x-y motion. The results are compared with the control of three piezoelectric actuators
for x-y motion and the advantage of redundant mechanism is discussed. Finally, the
models for each position direction are experimentally extracted by using “System
Identification Toolbox” in MATLAB. Instead of using piezoelectric actuators nominal
plant for disturbance observer these extracted models are used as linear nominal models
for the mechanism motions. The observer control parameters and the position control
parameters are tuned to have better results than the previous control method based on

only piezoelectric actuator model.

8.1 Position Control of 3-RRR Mechanism

PSt 150/5/40 VS10 piezoelectric actuators which have maximum stroke of 40 pm
for unipolar actuation are used. The direction of the motion vectors at the center of the
mechanism, which are u;, u, and uj;, are experimentally determined to have the
kinematics of the mechanism shown in Figure 8.1. After calibration of laser position
sensor, we have applied 30, 60, 90, 120 and 150 Volts to the piezoelectric actuators
individually when all the piezoelectric actuators are assembled to the mechanism and

preloaded before starting actuation.

Piezo 1

Piezo 3

Figure 8.1 Motion vectors of 3-RRR compliant mechanism.
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After actuating all piezoelectric actuators individually the transformation matrix
A, which relates the motions u;, u; and u; to x-y motion of the end-effector, is
determined using Eqn. 8.1. The results of the experiments are presented in Section 6.2

which are 6;=26°, 6,=25° and 6;=1.5°.

X1 [ sin(8;) cos(6;) —cos(63) . u;
[y]_[ ] [ZJ

—cos (6;) sin (6,) —sin(63) (8.1)
A
> Udref Uy N
Xref _L> f X
Af > Uoref U, At
Yref _,_> _|—) y
—»  Ugref Us [«
Ujref +: & SMC Vei +O Vin .| Piezoelectric Ui R
A +AJ Actuator
Uj
> ; o - YT
W/ Ty > Linear Plant U C)
Model N
SMC |¢
Vobsc .
Disturbance Observer

Figure 8.2 Block diagram of the position control of compliant mechanism.

As we have mentioned earlier in Section 3 3-RRR kinematic structure decouples
the stiffness between the actuators so that it gives us the advantage of controlling the
actuators separately. This means that we can have three independent single input single
output (SISO) controllers for this kind of mechanism. The control methodology based
on the control of piezoelectric actuators is explained in Figure 8.2. The references of
piezoelectric actuators are calculated by multiplying the pseudo inverse of A matrix in
Eqn. 8.1 with the x-y references of the end-effector. Similarly the measured x-y motions
using the dual position sensor assembled on the end-effector is multiplied with the

pseudo inverse of A matrix and the motions of piezoelectric actuators u;, u, and usz are
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found. The control scheme is explained in Section 7.2. The necessary transformations
and control method calculations are coded in C. The sampling time for computing is
100 psec which is necessary time for the calculations in dSPACE. The nominal
parameters of used PSt 150/5/40 VS10 Piezoelectric actuators are shown in Table 8.1.
The sliding mode observer parameters and the sliding mode control for position

parameters are presented in Table 8.2. All calculations are done in SI unit system.

Table 8.1 Nominal parameters of PSt 150/5/40 VS10 Piezoelectric Actuator

Parameter Value
m, 6.16-10 kg
Cn 1027.5 Ns/m
ky 12:10° N/m
T 3.1 N/V
a 0.05

Table 8.2 The control parameters of 3-RRR mechanism

Sliding Mode Control for Position
Sliding Mode Observer Parameters

Parameters
Kobs 0.000008 Ki 0.005
Cobs 10 Cx 80000
Dobs 200 Dy 0.0001

Circular references with different diameters are given to the mechanism by giving

the Xer and yrer as in Eqn. 8.2-8.3:
Xrey = Amp + Amp sin(2mft) (8.2)

Yref = Amp + Amp cos(2ft) (8.3)

The position control results are presented in Figure 8.3 for different circular
references with changing “Amp” parameter representing the radius of the circles, varied
from 5 pum to 30 um. The frequency (f) of the reference is set as 0.1 Hz. The center
motion of the stage is shifted to the left with respect to the given references.

The x and y motion results and the errors in x and y directions are presented in
Figure 8.4 when the radius of the reference circle is 30 um. As shown in Figure 8.4 b

and 8.d the errors in x and y direction have jumps. This is because the voltage input to
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the piezoelectric actuators is saturated between 0-150V not allowing negative values of
voltages. The piezoelectric actuators are not fixed to the mechanism; they are just

preloaded before actuation and can not pull back the links. This situation can be fixed

by having a better observer and tuning the parameters.
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Figure 8.3 Position control results of 3-RRR compliant mechanism.
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Figure 8.4 x and y position results when the Radius of reference circle is 30 um.

The frequency of the reference circle is increased to 0.2 Hz and 0.3 Hz when the

radius is kept constant to 30 um. The results are shown in Figure 8.5. We can see that

when the reference is fast the system can not compute fast enough and the errors

increase.

T
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(b) Results 0of 0.2 Hz

(a) Results of 0.1 Hz

152



— Measured
eference

y [um]

(c) Results 0f 0.3 Hz

Figure 8.5 Position control results for references having different frequencies.

8.2 Position Control of 3-PRR Mechanism

The position control of 3-PRR compliant mechanism is examined in detail in this
section. First, the position control of the compliant mechanism is performed by using a
simple PID controller which is common for position control in the literature. Then open
loop control by using piezoelectric actuator model is applied to 3-PRR compliant
mechanism to compare the results with closed loop control. Thereafter, the closed loop
control is applied first to the non-redundant 3-PRR mechanism by using only two
actuators for position control in X-Y axes. All three actuators are activated for position
control of the 3-RRR compliant mechanism, and the results are compared with the non-
redundant case. Finally, the models for each actuation direction are extracted from the
experiments of 3-PRR compliant mechanism, and they are used as nominal models of

the system instead of piezoelectric actuator models for disturbance observer.

8.2.1 Position Control with Piezoelectric Actuator Models

The direction of the displacement vectors from the PEAs which are u;, u, and u;
shown in Figure 8.6 are determined experimentally to have the kinematics of the
mechanism. After calibration of laser position sensor, we have applied 30, 60, 90, 120
and 150 Volts to the piezoelectric actuators when all the piezoelectric actuators are

assembled to the mechanism and preloaded before starting actuation.
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The transformation matrix A which relates the motions u;, u, and u; to x-y motion
of the end-effector can be written as in Eqn. 8.4:

[;C]] _ [ sin (6;) cos(6,) —cos (93)] . Eg]

—cos (6,) sin(8,) sin (63) (8.4)
A

The angles of the direction of the u vectors are found as 6,=25°, 6,=26° and

0;=1.5°

Piezo 1

Piezo 2
Figure 8.6 Motion vectors of 3-PRR compliant mechanism.

The same position control methodology shown in Figure 8.2 is applied to 3-PRR
compliant mechanism by using the pseudo inverse of A matrix in eqn. (8.4). The
necessary transformations and control method calculations are coded in C. The needed
sampling time for computing is 100 psec. The same sliding mode observer parameters
and the sliding mode control for position parameters which are presented in Table 8.2,

are used for the experiments

8.2.2 PID Control Results

We have implemented simple PID control as presented in the block diagram
shown in Figure 8.7 to compare the results with the proposed control methodology. By
using the pseudo inverse of the transformation matrix, A, we have made the position

control of each piezoelectric actuator by using discretized PID controller as follows:
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t
t
o(6) = K, - e(t) + K, j e(t)dt + K, d( ) (8.5)
0
e;(t) = uiref(t) —u;(t) (8.6)
J—V Urref Uy <—L
Xref —I—> f X
A > Uzref Uz At
Yref _,_> _I_' y
Ugzref us
Uiref + ~ ©i Vin Piezoelectric LN
Actuator

Figure 8.7 Block diagram of the PID position control of compliant mechanism.

A circular trajectory having 20um diameter of circle is given as a reference to the
mechanism by setting references as X, = 10 + 10sin(0.2mt) and y,.r = 10 +
10 cos(0.2mt). The errors in x direction and y direction are shown in Figures 8.8a and
8.8b. The x-y motion is presented in Figure 8c. (K,= 0.005, K;= 0.0001, Kq= 0.0001)
The results show us that the error in x direction is between 0.3 pm and -0.4 pm, while

the error in y direction is between 0.1 um and -0.25 pm.
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Figure 8.8 Results of PID position control for 3-PRR compliant mechanism

8.2.3 Open Loop Control with PEA Models

Inverse of the linear model of the plant is used for estimating the necessary
voltage input to the piezoelectric actuators as shown in Figure 8.9. Again a circular
trajectory having 20um diameter of circle is given as the reference. The errors in x
direction and y direction are shown in Figures 8.10a and 8.10b. The x-y motion is
presented in Figure 8.10c.

It can be seen from the results that open loop control with the inverse of linear
models of the piezoelectric actuators does not have enough accuracy for the end-effector
motion of our flexure based mechanism. The error in x direction is between 3 um and -8
um, while the error in y direction is between 2 um and -8 um. When we look at the

motion result we can examine that the reference trajectory is shifted and it is not in a

circular shape.
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8.2.4 Closed Loop Control

Closed loop control is applied to the mechanism, and the block diagram of each of
the piezoelectric actuator is shown in Figure 8.2. The linear model with the nominal
parameters as presented in Table 8.1 is used for the observer with sliding mode control
to kill the hysteresis and unwanted disturbances of the system, and another sliding mode
control is used for tracking the reference positions. As in open loop control the
necessary reference positions of piezoelectric actuators for tracking reference x-y
motion is calculated by using pseudo inverse of transformation matrix A. First, 2
piezoelectric actuators (the 2" and 3" ones according to the Figure 8.11) are in action
while the other piezo (the 1% one) is attached to the mechanism as a rigid support. Then
all of the actuators are in action and controlled with the same manner. The sampling

time is taken as 100 psec.

Piezo 1 Piezo 1

Piezo 3 Piezo 3

Piezo 2

(a) (b)

Figure 8.11 (a) 2 PEAs are activated, (b) 3 PEAs are activated.

Piezo 2

8.2.4.1 Non-Redundant Control Results

The errors in x direction as shown in Figure 8.12a are between 0.05 pm and 0.55
um and the errors in y direction shown in Figure 8.12b are between 0.05 um and 0.5
um. The measured x-y motion of the end-effector is presented in Figure 8.12c. The
errors are smaller than open loop control of 3 piezoelectric actuators but there is still a
shift from the reference trajectory.

The control outputs (piezoelectric inputs), which are amplified 30 times by the
piezo amplifier, are shown in Figures 8.13a and 8.13b for two piezoelectric actuators.

As seen from figures, the actuators are at almost their maximum stroke, which
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corresponds to 150V. Especially the piezoelectric actuator that
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Figure 8.12 . Position control results of 3-PRR compliant mechanism for non-redundant case.
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(b) Control input for piezo 3

Figure 8.13 Control inputs for non-redundant case.
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8.2.4.2 Redundant Control Results

The position control experiments are performed for the redundant case of the
mechanism in which all three piezoelectric actuators are controlled.

The errors in x direction is between -0.15 um and 0.25 pm as shown in Figure
8.14a while the errors in y direction is between 0.06 um and 0.25 pm as shown in
Figure 8.14b. x-y motion results compared with the reference motion shown in Figure
8.14c.

The control outputs for piezoelectric actuators which are amplified by 30 with the
amplifier of the piezoelectric actuators, are shown in Figures 8.15a, b and c. The
voltages are not close to their maximum voltage (150 V). Thus, this means that the
redundancy allows us to extend the workspace when compared to the results of 2

actuators results.
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Figure 8.14 Position control results of 3-PRR compliant mechanism for redundant case.
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Figure 8.15 Control inputs for redundant case.

Table 8.3 Tuned SMC disturbance observer and SMC position controller parameters

Sliding Mode Control for Position
Parameters

0.02

40
3000

Sliding Mode Observer Parameters

0.000002

50

Kobs

Cobs

Dobs

for the same

The control parameters are tuned (Table 8.3) and the new results

reference are presented in Figure 16. It can be seen that the errors in x direction is
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+0.12um while the errors in y direction are decreased between 0.17 pm

decreased to
and -0.13 pm.
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Figure 8.16 Position control results of 3-PRR compliant mechanisms with tuned parameters.

Stepwise motion is generated by giving x and y motion references having 5 um

steps for each 5seconds as shown in Figure 8.17 to see the behavior of the positioner for

step responses. If we look close, we can see that we have overshoots in x and y

directions and small vibrations due to measurement which has a 2" order filter.
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Figure 8.17 Step responses with Spum steps in x and y directions using position control with PEA models.

8.2.5 Experimental Modeling of 3-PRR Compliant Mechanisms

The models separately for u;, u, and us; motion of the 3-PRR compliant
mechanism are experimentally extracted. Each piezoelectric actuator is actuated by
applying a step voltage of 120 V and the end-effector position is measured from dual
position sensor in X and y axes by using the pseudo inverse matrix A. The x-y position
measurement is converted to the positions in u;, u; and us directions. The step input
results for each actuation are used for estimating the models for each actuation. The
“System Identification Toolbox” is used in MATLAB by giving the input results as the

applied voltage and the output results, which are the motions in u;, u; and u3 directions.
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The three models are estimated by selecting the transfer function as a second order

transfer function in the form of Eqn. 8.7:

Tp1

T (14T, 5) 14Ty -5)

G(s) (8.7)

The estimated transfer functions step responses with 120 V applied and the
experimental data for the same step responses for each direction is presented in Figure
8.18. The step responses are slow when compared to piezoelectric actuator step
response is because of the limitation in measurement taken from the laser position
sensor. In order to get reasonable data from the measurements we have used a second
order filter as explained in section 6.1.4 and the filter makes the system slow.

The estimated transfer functions G;(s), G,(s) and G5(s) could represent the
experimental data. ( respectively %98.92, % 99.44 and % 99.78) .

The results for model estimations are presented in Table 8.3

Table 8.4 Estimated transfer functions parameters

Ui (s) Uz(s) Us(s)
Parameters G.(s) = G,(s) = G3(s) =
1(s) 7.05) 2(5) 7.6) 3(s) 7.6)
Tp1 80.262 76.305 73.218
Tp2 0.65557 0.65228 0.65349
Tps 0.001 0.0034021 0.0038507
Me'fasured avnd siml{lated mvodel ouvtput Measured and simulated model output
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(a) Step response of u; direction (b) Step response of u, direction

164




Measured and simulated model output
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(c) Step response of us direction

Figure 8.18 Experimental models and experiments results for step responses 3-PRR compliant

mechanism.

The transfer functions for each direction is different as seen from the estimated
parameters in Table 8.4. This means that the behavior of the mechanism for each
actuation direction is different due to manufacturing and assembling errors. It would be
better to use these estimated models instead of using the same linear piezoelectric

models for each direction.

8.2.5.1 Position Control Results with Experimental Models

The experimentally estimated transfer functions are used as nominal transfer
functions for every motion direction instead of piezoelectric actuator models in Eqn.
7.18 as shown in Figure 8.19. A circle with diameter of 20 um is given as a reference
and the Sliding Mode Control Parameters and Disturbance Observer Parameters are
adjusted as presented in Table 8.3. The errors in x and in y directions due to changed
control parameters are presented in Figures 8.20a and 8.20b which show that the errors
are lowered almost to the accuracy of the used position sensing device, which is 0.06
um. The center of the stage tracks the reference as shown in Figure 8.20c. The errors
shown in Figure 8.20 are due to measurement disturbances. This means that we have
succeeded to provide position control of our compliant mechanism in the accuracy of
the measurement by using experimental model results instead of piezoelectric actuator

model.
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Figure 8.21 Step responses with Sum steps in x and y directions using position control with experimental

models.

8.3 Conclusion and Comments

We have examined the position control of compliant mechanisms in this section
and conclude with a control methodology based on sliding mode control with observer
by using experimental 2" order transfer functions in each direction of motion provided
from the piezoelectric actuators.

First by using the transformation matrix the piezoelectric actuators motion u;, u,
and u; is obtained by using experimental data the position control is made only by using
the position control of piezoelectric actuator based on the linear model of the actuators
for the disturbance observer. For the 3-RRR compliant mechanism the position error in
x direction is between -0.35 pm and 0.7 um, the error in y direction is between -0.7 um
and 0.1 pm. We have seen that when the frequency of the circular reference increases
the errors get bigger due to lack of computing performance of dSPACE 1103.

Different types of control methodologies have been applied to 3-PRR compliant
micropositioning stage. The error results are shown in Table 8.5. First simple PID
control is applied and the parameters are tuned. Then open loop control by using
piezoelectric actuator is applied and gave us bad results which shows us that there are
unpredictable motions in our mechanism. Then we have applied the same control

methodology that is used for 3-RRR compliant mechanism. The benefit of redundancy
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of the compliant mechanism is also presented by only actuating 2 piezoelectric actuators
in 3-PRR compliant mechanism. The results showed us that the workspace is decreased
as we have expected and besides the position errors get bigger which is between 0.05
um and 0.55 pm for x direction and between 0.05 um and 0.5 for y direction. We have
tuned the control parameters of SMC with DOB by using PEA models and decreased
the errors +£0.12 um for x direction and between 0.17 um and -0.13 pm for y direction.
We have also observed the stepwise motion of the mechanism which have smaal

overshoots.

Table 8.5 Errors in x and y direction for 3-PRR compliant microposition stage with different control types

Error in x direction Error in y direction
Control Type
[pm] [pm]
PID 0.3 um and -0.4 pm 0.1 pum and -0.25 pm
Open Loop with PEA
3 um and -8 um 2 um and -8 pm
Model
SMC with DOB by using
+0.12 pm 0.17 pym and -0.13 pm
PEA Models
SMC with DOB by using
. +0.06 pm +0.06 um
Experimental Models

Finally we have designed a different control method based on SMC with observer
by using extracted experimental transfer functions in each actuation direction for the 3-
PRR compliant mechanism. The extracted transfer functions also show that for each
direction of motion the behavior of the mechanism is different due to nonlinearities
based on manufacturing, assembling errors. The models are put as linear models instead
of piezoelectric actuators linear transfer function based on nominal parameters. The
observer and control parameters are used as the same as the tuned versions using PEA
models. We have succeeded to lower the position errors down to £0.06 um, which is the
accuracy of the dual laser position sensor. Stepwise motion is also given as the
reference for the new proposed control method, and it is seen that we have less

overshoots than the previous controller using PEA models.
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9 CONCLUSION AND FUTURE WORK

In this thesis, compliant mechanisms based on 3-RRR and 3-PRR kinematic
structures have been designed as fine positioning stages for X-Y positioning and came
up with a methodology of control to overcome the problems that are brought by
unpredictable behaviors and manufacturing/ assembling errors.

The decided compliant mechanism should be stiff enough for parasitic motions
and flexible enough to provide motion at least 40 um in X-Y directions which is the
maximum stroke of our piezoelectric actuators. We have chosen to have a triangular
stage as the end-effector having three actuation points coming from the edges of the
triangle. Having 3 actuators for x-y motion will give us a redundant system which will
improve the range capability and improve our control methodology. The first compliant
stage 1s based on rigid 3-RRR kinematic structure having right flexure hinges as
revolute joints. Then 3-PRR compliant stages are designed to improve the stiffness of
the stage by having linear spring parallelogram mechanism as prismatic joints. Besides
providing redundancy to be used as only x-y positioning another reason to select this
kinematic structure is that these kinematic structures decouple the stiffness between the
actuators so it gives the advantage of controlling the actuators separately. So we can use
3 independent single input single output (SISO) controllers.

The selection of right circular flexure joint type is made with the results of Finite
Element Analysis using COMSOL software. The stress distributions and displacements
of different kinds of flexures are examined and it’s concluded that the right circular
flexure hinges are the best choice among the elliptical ones because the stress is located
mostly on the small area of the thinnest part of the flexure which means that the flexure
bends at a certain point so eliminates the parasitic motions mostly. Although Right
circular flexure hinges have the least range but we are dealing with small motions (<40
um) so right circular flexure hinges are chosen for our design. The parameters of the
right circular flexure hinges the thinnest part of the flexure, “t”, and the overall

thickness, “b”, are selected from FEA analysis of various selection of parameters. The
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analysis showed us that there is an inverse asymptotical relationship between the “t”,
“b” values and the maximum stress, displacement. We need enough flexibility for
providing enough displacement and we need our mechanism to be stiff enough not to go
under plastic deformation. That’s why with considering of the capability of our Wire
EDM manufacturing we have selected the “b” and “t” values.

3-RRR and 3-PRR compliant mechanisms are examined with the selected
parameters. The aims of these analyses are to find the provided maximum displacement
at the center of the stage, the motion directions for the center of the stage and the natural
frequencies of the mechanism. The analyses are done for two cases. Firstly the
mechanisms are only fixed from the fixture links and the other links are set free.
Secondly the mechanisms are fixed from the fixture links and the links that are used to
actuate the mechanism are constrained by assigning a prescribed displacement defining
that there are piezoelectric actuators assembled to the mechanism and they prevent the
motion of the links in pull direction of the piezoelectric actuators. We have compared
the two structures that we have designed in terms of providing motions, achievable
workspaces and frequency modes. We have found out that 3-PRR mechanism improves
the range of the mechanism, the translational resonance mode whereas it causes more
rotation than 3-RRR mechanism.

After making computations by using Finite element analysis software we have
searched for a method to model the behavior of compliant mechanisms. The model of a
flexure based mechanism should be simple enough to calculate the behavior of the
flexure and accurate enough to be used as a tool for design. Thus, Pseudo-Rigid-Body-
Model (PRBM) [6] in which flexure hinges are treated as torsional springs and the
compliant mechanism is treated as an ordinary rigid body mechanism is mainly used.
Firstly, the calculation methods of in-plane x, y translational compliances and z
rotational compliance of a certain circular flexure hinge that we have used in the design
of compliant mechanisms are examined. The methods are compared with the finite
element analysis. We have found out that Schotborgh method can only be used for the
rotational compliance in z direction, the translational compliances in x and y directions
has bigger errors compared to other methods because of the difference of his hinge
models. Paros and Weisboard’s calculations give the best translational compliance in y
direction and rotational compliance in z direction and finally the translational
compliance in x direction can be most accurately calculated by the Wu and Lobontiu’s

method. The compliance calculation methods are also compared with the finite element
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analysis (FEA) for varying geometric parameters “b” (the width of the flexure) and “t”
(the shortest distance of the flexure). These analyses give us the selectable calculation
methods for certain “b” and “t” parameters besides they show which geometric
parameter (b or t) have more influence on in which direction of compliances. Thus this
work gives us the advantage of selecting the right calculation methods and geometric
parameters for designing flexure based mechanisms.

The compliances of the flexure hinges are combined with the kinematic of the
mechanisms by applying kinetostatic method which provides an easier and faster
calculation method than FEA. We have applied this method only for our 3-PRR
compliant mechanism The method depends on the compliance calculations which we
have found the best calculation method for translation in x and y direction and rotational
in z direction. We have compared the C, gin matrix results with Finite Element Analysis
the angular displacement of the stage has the most error which is almost %15 and the
error for displacements in x-y axes is between 8-9%. The Jacobian matrix has errors
between almost %13-15. Then by using C, rin compliance matrix and Jacobian matrix
we have defined mass-spring systems for each actuation direction. We have calculated
the stiffness matrix and finally we have got the natural frequency of the mechanism
which is close to Finite Element Results with the error of %9.8. The errors are because
the compliance calculation errors that we have seen in Section 4 and we have taken the
links as rigid whereas in FEA the links are also bending which affects the results. So if
the links are taken as beams and if the deflections of the beams are calculated the
modeling results are expected to be improved.

We have made the performance experiments of 3-RRR and 3-PRR compliant
mechanisms as we have analyzed in Finite element analysis. We have compared the
experimental results of 3-RRR and 3-PRR compliant mechanisms. When only the
piezoelectric actuator which will actuate the mechanism is only connected and
preloaded the 3-PRR compliant mechanism give us better results because the motion
vectors are almost parallel to the direction of the actuation forces. However when all
piezoelectric actuators are connected, which is the practical case, 3-PRR mechanism
results more shifted motion vectors than 3-RRR compliant mechanism because of the
moment creation when the other links are supported even though they are not in action.
There can also be more manufacturing and assembling errors. The workspace of 3-RRR
compliant mechanism is bigger than the 3-PRR compliant mechanism because it’s more

flexible. . The experimental results are compared with the Finite element results to see
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how far we are from the ideal cases. All piezoelectric actuators are connected to the
mechanism and preloaded. PSt 150/5/60 VS10 piezoelectric actuator having maximum
stroke of 60 um for unipolar actuation with strain gauge measurement is used to have
the information about input displacement to compare FEA results. The results showed
us that manufactured mechanisms are not close to the ideal actuated mechanisms. That’s
why we need to have a control method to eliminate those errors and make our
mechanisms to be useful as a high precision positioning stage.

Before making the position control of the compliant mechanisms the position
control of the piezoelectric actuator is done by using sliding mode control with
observer. We have seen the advantage of using observer by making experiments with
and without using it. Finally, we can conclude that by using observer the disturbances
which are uncertainties, hysteresis of PEA can be eliminated because the position
tracking error is decreased when compared the results with the without observer
position control results.

We have examined the position control of compliant mechanisms and conclude
with a control methodology based on sliding mode control with observer by using
experimental 2" order transfer functions in each direction of motion provided from the
piezoelectric actuators. First by using the transformation matrix between the center of
the stage of motion in x-y axes and the piezoelectric actuators motion u;, u; and us is
found by using experimental data the position control is made only by using the position
control of piezoelectric actuator based on the linear model of the actuators for the
disturbance observer. We have set a reference circular path having a diameter of 20 um
for all control implementations. For the 3-RRR compliant mechanism the position error
in x direction is between -0.35 um and 0.7 pm, the error in y direction is between -0.7
pum and 0.1 pm. The same control methodology is applied to 3-PRR compliant
mechanism with the errors between -0.15 um and 0.25 pm for x direction and the errors
between 0.06 um and 0.25 um for y direction. We have also seen that when the
frequency of the circular reference increases the errors get bigger due to lack of
computing performance of dSPACE 1103. The benefit of redundancy of the compliant
mechanism is also presented by only actuating 2 piezoelectric actuators in 3-PRR
compliant mechanism. The results showed us that the workspace is decreased as we
have expected and besides the position errors get bigger which is between 0.05 pm and
0.55 um for X direction and between 0.05 um and 0.5 for Y direction. We have tuned
the parameters for SMC with Disturbance observer based on SMC by using PEA
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models for redundant 3-PRR compliant mechanism and we have succeed to lower the
errors the errors in x direction to #0.12um and the errors in y direction between 0.17 um
and -0.13 pm.

Finally we have designed a different control method based on SMC with observer
by using extracted experimental transfer functions in each actuation direction for the 3-
PRR compliant mechanism. The extracted transfer functions also show that for each
direction of motion the behavior of the mechanism is different due to nonlinearities
based on manufacturing, assembling errors. The models are put as linear models instead
of piezoelectric actuators linear transfer function based on nominal parameters. The
observer and control parameters are selected same as we have tuned for the 3-PRR
compliant stage position control. At the end we have observed that the position errors
are almost decreased to =0.06 pm which is the accuracy of the dual laser position sensor
that we have used. We have also given stepwise path as reference to see the step
response of the 3-PRR compliant stage which has control methods based on PEA model
and Experimental model. We have observed that there are a little bit overshoots due to
parameters set and the filter that we have used for the measurement but the new control
method based on experimental model lowered the overshoots for the same control
parameters. Therefore, we can conclude that we have succeeded to design a better

control methodology to lower the position errors to the accuracy of measurement.

9.1 Contributions

The contributions of this thesis can be stated as follows:

- We have come up with a design methodology as shown in Figure 9.1. After
defining the limitations of compliant micro positioning stage a proper kinematic
structure is selected. Then flexible joints are designed for providing the behaviour of
kinematic structure. The important parameters like the link lengths, thickness, width etc.
are determined by using FEA or Kinetostatic model solutions. The results should
coincide with the limitations that are defined. Experiments are done and compared with
the ideal case that is simulated if the results are not matching we can design a control
methodology to get rid of the uncertainties in the mechanism.

- The in-plane compliance calculation methods have been compared in terms of

the thinnest part “t” of the flexure but we have also compared the in-plane compliance
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methods in terms of overall thickness “b” of the flexure hinges. This gives us the
advantage of selecting the most proper calculation method for our flexure hinges.

- 3-PRR compliant mechanism is designed which is stiffer than 3-RRR compliant
mechanism which has higher translational frequencies and makes the system more
resistive to parasitic motions because of the used prismatic joint.

- We have designed a control methodology which is based on Sliding mode
control with observer based on Sliding mode control by using the experimental models
and task space measurement. The control methodology gives us the advantage of
controlling the compliant mechanism with manufacturing, assembling errors and other
uncertainties when compared with the ideal designed mechanism. The x-y position
errors are in the accuracy of the used laser position sensing device so we can say that
our control is successful.

- The proposed design procedure for compliant mechanisms are presented in
blocks as shown Figure 9.1. Firstly, according to the determined limitations a kinematic
structure is selected for the necessary application and the rigid joints of selected
kinematic structure are replaced by the flexible joints. Necessary parameters are chosen
according to the Finite element analysis and modeling technique that is used. If the
stage doesn’t provide the limitations for our application then we go back to the selecting
the kinematic structure block to reshape our mechanism by changing the kinematic
structure, flexible joints or the necessary design parameters. Else, we go on with the
manufactured compliant mechanism and start to make experiments to validate the
theoretical results. Finally, if the experiments are compatible with the experimental
results we succeed to design our compliant mechanism. Otherwise, we will try to design
a control methodology to get rid of the manufacture and assembly errors that cause
unexpected results when compared to the ideal case. With the elimination of errors we

can succeed to have a compliant mechanism that provides our limitations properly.

9.2 Future Work

The future work related to this work can be listed as follows:
- The modeling of compliant mechanisms can be improved by taken into account
the out of plane flexure compliances which are the rotation about x axis Aa,/M,, the

rotation about y axis Aa,,/M,, and the translational displacement in z axis Az/F,.
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- 3-D Finite element models can be generated to compare the out of plane
compliance results of compliant mechanisms.

- The links connecting the flexure hinges can be taken as Euler Bernoulli beams
so that the deflection of the beams can also be taken into account for modeling the
compliant mechanisms.

- A different type of measurement can be used so that the rotation of the stage or
the motion at z axis can be measured. The measurement can be a capacitive
measurement system.

- The rotation of the stage can also be controlled by using the feedback of
measurement.

- The stage can be used for micropositioning applications that are in Microsystems
Laboratory (Microassembly Workstation, Laser Micromachining Unit, Microfactory

System).
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Figure 9.1 Design path of compliant mechanisms.

177



[9]

[10]

[11]

[12]

10 REFERENCES

A. H. Slocum, Precision Machine Design. New Jersey, USA: Prentice Hall,
1992.

D.G.Chetwynd S.T. Smith, Foundations of Ultraprecision Mechanism Design.
North Carolina, USA: CRC Press, 1994,

Edin Golubovic, "Design and realization of laser micromachining system,"

Sabanci University, Master Thesis 2011.

Emrah Deniz Kunt, "Design and realization of a microassembly workstation,"

Sabanci University, Master Thesis 2006.

Henk van der Wulp, Piezo-driven stages for nanopositioning with extreme
stability. Delft: Delft University Press, 1997.
L. L. Howell, Compliant Mechanisms.: Wiley, 2001.

R. C. Tjiptoprodjo, W. J. Zhang, G. S. Yang P.R. Ouyang, "Micro-motion
devices technology: The state of arts review," International Journal of

Advanced Manufacturing Technology, vol. 38, pp. 463-478, August 2008.

Nicolae Lobontiu, Compliant Mechanisms: Design of Flexure Hinges. CRC
Press, 2003.

Robert L. Norton, Machine Design, 2nd ed. United States of America: Prentice-
Hall Inc., 2000.

E. Teague F. Scire, "Piezodriven 50-um range stage with subnanometer

resolution," Review of Scientific Instruments, vol. 49, no. 12, pp. 1735-1740.

B. N. Damazo, R. Silver, H. Zhou J.D. Gilsinn, "A macro-micro motion system

for a scanning tunneling microscope," , 2002.

S. Avadhanula, R.E. Groff, R.S. Fearing A.M.Hoover, "A rapidly prototyped 2-
axis positioning stage for microassembly using large displacement compliant

mechanisms," , Orlando, 2006.

178



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

G. H. Kim, K. R. Cha S. H. Jeong, "A study on optical device alignment system
using ultra precision multi-axis stage," Journal of Materials Processing

Technology, vol. 187-188, pp. 65-68, June 2007.

Qingsong Xo Yangming Li, "Design and Analysis of a Totally Decoupled
Flexure-Based XY Parallel Micromanipulator," Transactions on Robotics, vol.

25, pp. 645-567, June 2009.

Jingyan Dong Sebastian Polit, "Development of a High-Bandwidth XY
Nanopositioning Stage for High-Rate Micro-/Nanomanufacturing," IEEE/ASME
Transactions On Mechatronics, vol. 16, no. 4, pp. 724-733 , August 2010.

T. Ono, M. Esashi M.F.M. Sabri, "A large displacement piezodriven silicon
XY -microstage," pp. 2405-2408, 2009.

B. Shirinzadeh, D. Zhang Y. Tiana, "A flexure-based mechanism and control
methodology for ultra-precision turning operation," Precision Engineering, vol.

33, no. 2, pp. 160-166, April 2009.

A. H. Slocum S. Awtar, "A large range XY Flexure Stage for Nanopositioning,"
Montpellier, France, 2005.

Alexander H. Slocum Shorya Awtar, "Constraint-based Design of Parallel
Kinematic XY Flexure Mechanisms," Precision Engineering, vol. 129, pp. 1-33,

August 2007.

C. Chang, T. Ono, M. Esashi D. Zhang, "A piezodriven XY-microstage for
multiprobe nanorecording," Sensors and Actuators A: Physical, vol. 108, no. 1-
3, pp.- 230-233, November 2003.

Emilio Carlos, Nelli Silva Guilherme Aires Loberto, "Development of a XY

Piezoelectric Nanopositioner," Mechatronics, vol. 1, pp. 662-671, 2004.

J.J. Lee, S. Hata K.B. Choi, "A piezo-driven compliant stage with double
mechanical amplification mechanisms arranged in parallel," Sensors and

Actuators A: Physical, vol. 161, no. 1-2, pp. 173-181, June 2010.

I-Ming Chen Huy-Hoang Pham, "Evaluation of resolution of flexure parallel

mechanisms for ultraprecision manipulation," Review of Scientific Instruments,

vol. 75, no. 9, pp. 3016-3024, September 2004.

I-Ming Chen Huy Hoang Pham, "Kinematics, Workspace and Static Analyses of
2-DOF Flexure Parallel Mechanism," 2002.

179



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

W. J. Zhang, M. M. Gupta P. R. Ouyang, "A New Compliant Mechanical
Amplifier Based on a Symmetric Five-Bar Topology," Journal of Mechanical

Design, vol. 130, no. 10, pp. 104501-05, October 2008.
B. Shirinzadeh, D. Zhang Y. Tian, "Design and dynamics of a 3-DOF flexure-

based parallel mechanism for micro/nano manipulation," Microelectronic

Engineering, vol. 87, no. 2, pp. 230-241, February 2010.
Daniel C. Handley, Yuen Kuan Yong, Craig Eales Tien-Fu Lu, "A three-DOF

compliant micromotion stage with flexure hinges," Industrial Robot: An

International Journal, vol. 31, no. 4, pp. 355 - 361, 2004.

W. Szyszkowski, W.J. Zhang B. Zettl, "Accurate low DOF modeling of a planar
compliant mechanism with flexure hinges: the equivalent beam methodology,"

Precision Engineering, vol. 29, no. 2, pp. 237-245, April 2005.
J. Zou, L. G. Watson, W. Zhao, G. H. Zong, S. S. Bi W. J. Zhangl, "The

Constant-Jacobian Method for Kinematics of a Three-DOF Planar Micro-
Motion Stage," Journal of Robotic Systems, vol. 19, no. 2, pp. 63-72, February
2002.

Tien-Fu Lu, Daniel C. Handley Yuen Kuan Yong, "Loop Closure Theory in
Deriving Linear and Simple Kinematic Model for a 3 DOF Parallel
Micromanipulator," , Perth, 2003.

Tien-Fu Lu, J. Minase Y. K. Yong, "Trajectory Following with a three-DOF
Micro-motion Stage," , Auckland, 2006.

D.C. Handley, Yuen Kuan Yong Tien-Fu Lu, "Position Control of a 3 DOF
Compliant Micro Motion Stage," , 2004.

Chung Kai Tseng, Hon Chan Chien Shuo Hung Chang, "An ultra-precision
XYThetaz piezo-micropositioner. II.  Experiment and performance,”
Ultrasonics, Ferroelectrics and Frequency Control, vol. 46, no. 4, pp. 906 -

912, July 1999.
Rong Liu, Yue-min Wu, Long Shi, Guang-hua Zong Dai-hong Chao,
"Manufacturing error analysis of compliant 3-DOF microrobot," Frontiers of

Mechanical Engineering in China, vol. 1, no. 3, pp. 299-304, 2006.

Zhaoying Zhou Yingfei Wu, "An XY0 mechanism actuated by one actuator,"
Mechanism and Machine Theory, vol. 39, no. 10, pp. 1101-1110, October 2004.

180



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Yangmin Li Yuan Yun, "Design and analysis of a novel 6-DOF redundant
actuated parallel robot with compliant hinges for high precision positioning,"

Nonlinear Dynamics, vol. 61, no. 4, pp. 829-845, 2010.

Zong Guanghua, Liu Rong Chao Daihong, "Design of a 6-DOF Compliant
Manipulator Based on Serial-Parallel Architecture," , Monterey, 2005.

Martin L Culpepper Shih-chi Chen, "Design of a six-axis micro-scale
nanopositioner — uHexFlex," Precision Engineering, vol. 30, pp. 314-324, July

2996.

Dan Zhang, Zhongzhe Chi, Quanjun Song, Yunjian Ge, Yu Ge Qiaokang Liang,
"Six-DOF micro-manipulator based on compliant parallel mechanism with
integrated force sensor," Robotics and Computer-Integrated Manufacturing, vol.

27,no. 1, pp. 124-134, February 2011.

Stefano Bottinelli, Jean March Breguet, Reymond Clavel Jean-Philippe Bacher,
"Delta: A New Ultra-high Precision Micro-robot," APII-JESA, vol. 36, pp.
1263-1275, 2002.

Regamey Yves-Julien, Fracheboud Maurice, Clavel Reymond Pham Patric,
"Orion MinAngle: A flexure-based, double-tilting parallel kinematics for ultra-

high precision applications requiring high angles of rotation," , Tokyo, 2005.

I-Ming Chen Huy-Hoang Pham, "Design and Modeling of a Selective-Actuation
XYZ Flexure Parallel Mechanism," , 2004.

Lining Sun, Zhijiang Du Wei Dong, "Stiffness research on a high-precision,
large-workspace parallel mechanism with compliant joints," Precision

Engineering, vol. 32, no. 3, pp. 222-231, July 2008.

Qingsong Xu and Yangmin Li, "Mechanical Design of Compliant Parallel

Micromanipulators for Nano Scale Manipulation," Zhuhai, 2006.

Gordon Anderson Martin L. Culpepper, "Design of a low-cost nano-manipulator
which utilizes a monolithic, spatial compliant mechanism," Precision
Engineering, vol. 28, no. 4, pp. 469-482, October 2004.

Jingyan Dong, Placid M. Ferreira Qing Yao, "A novel parallel-kinematics
mechanisms for integrated, multi-axis nanopositioning: Part 1. Kinematics and

design for fabrication," Precision Engineering, vol. 32, no. 1, pp. 20-33, January

2008.

181



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Win Tun Latt, Cheng Yap Shee, Wei Tech Ang U-Xuan Tan, "Design and
development of a low-cost flexure-based hand-held mechanism for

micromanipulation,”" Kobe, 2009.

S. Payandeh,A.M. Parameswaran M.C.S. Tam, "Design and development of a

multiple DOF compliant robot," Seattle, 2005.

Feng Gao, Xianchao Zhao, Q. Jeffrey Ge Yi Yue, "Relationship among input-
force, payload, stiffness and displacement of a 3-DOF perpendicular parallel
micro-manipulator," Mechanism and Machine Theory, vol. 45, no. 5, pp. 756-

771, May 2010.

J.Hesselbach, A.Raatz, J. Wrege, S.Soetebier, "Design and Analysis of a Macro
Parallel Robot with Flexure Hinges for Micro Assembly Tasks," Paris, 2004.

A. Raatz, H. Kunzmann J. Hesselbach, "Performance of Pseudo-Elastic Flexure
Hinges in Parallel Robots for Micro-Assembly Tasks," CIRP Annals -
Manufacturing Technology, vol. 53, no. 1, pp. 329-332, 2004.

Q. Xu Y. Li, "A Totally Decoupled Piezo-Driven XYZ Flexure Parallel
Micropositioning Stage for Micro/Nanomanipulation," /EEE Transactions on

Automation Science and Engineering, vol. 8, no. 2, pp. 265-278, April 2011.
S. K. Hung, M. Y. Chen, S.T. Li, L. C. Fu C. H. Lin, "A novel high precision

electromagnetic flexure-suspended positioning stage with an eddy current

damper," , Seoul, 2008, pp. 771 - 776.
J. Dong, F. Pengwang, P. Ferreira D. Mukhopadhyay, "A SOI-MEMS-based 3-

DOF planar parallel-kinematics nanopositioning stage," Sensors and Actuators

A: Physical, vol. 147, no. 1, pp. 240-251, September 2008.

H. Asai, M. Kawafuku, Y. Hori M. Sasaki, "Self-Tuning Control of a
Translational Flexible Arm Using Neural Networks," Nashville, 2000.

M. Scaccia, A. Di Vasta, F. Ianniello N.P. Belfiore, "Dynamic performance of

micro-compliant platforms: experimental analysis,

2006.

Balatonfiired, Hungary,

S. Kota Z. Li, "Dynamic Analysis of compliant mechanisms," , Montreal,

Canada, 2002.

L. L. Howell, Y. Yue Y. Yu, "Dynamic modeling of compliant mechanisms

based on the pseudo-rigid-body model," Journal of Mechanical Design, vol.

182



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

127, no. 4, pp. 760-765, 2005.

L. L. Howell A. J. Nielson, "An investigation of compliant micro-half-
pantographs using the pseudorigid body model," Mechanics of Structures and
Machines, vol. 29, no. 3, pp. 317-330, 2001.

A. Midha L. L. Howell, "A Loop-Closure Theory for the Analysis and Synthesis
of Compliant Mechanisms," Journal of Mechanical Design, vol. 118, pp. 121-
125, 1996.

Lu Tien-Fu Yong Yuen Kuan, "Kinetostatic modeling of 3-RRR compliant
micro-motion stages with flexure hinges," Mechanism and Machine Theory |,

vol. 44, no. 6, pp. 1156-1175, 2009.

J. K. Mills B. Kang, "Dynamic modeling of structurally-flexible planar parallel
manipulator," Robotica, vol. 20, no. 3, pp. 329-339, 2002.

Bijan Shirinzadeh Hwee Choo Liaw, "Enhanced adaptive motion tracking
control of piezo-actuated flexure-based four-bar mechanisms for micro/nano
manipulation," Sensors and Actuators A: Physical, vol. 147, no. 1, pp. 254-262,
September 2008.

B. Shirinzadeh H. C. Liaw, "Neural Network Motion Tracking Control of Piezo-
Actuated  Flexure-Based Mechanisms for  Micro-/Nanomanipulation,"
IEEE/ASME Transactions on Mechatronics, vol. 14, no. 5, pp. 517-527, October
2009.

Bijan Shirinzadeh Hwee Choo Liaw, "Robust generalised impedance control of
piezo-actuated flexure-based four-bar," Sensors and Actuators A: Physical, vol.

148, no. 2, pp. 443-453, 2008.

Qingsong Xu Yangmin Li, "A Novel Piezoactuated XY Stage With Parallel,
Decoupled, and Stacked Flexure Structure for Micro-/Nanopositioning," [EEE
Transactions on Industrial Electronics, vol. 58, no. 8, pp. 3601-3615 , August
2011.

Qingsong Xu Yangmin Li, "Adaptive Sliding Mode Control With Perturbation
Estimation and PID Sliding Surface for Motion Tracking of a Piezo-Driven

Micromanipulator," IEEE Transactions on Control Systems Technology, vol. 18,

no. 4, pp. 798-810 , July 2010.
F. G. M. Kokkeler, H. Tragter, F. J. A. M. van Houten W. O. Schotborgh,

183



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

"Dimensionless design graphs for flexure elements and a comparison between

three flexure elements," Precision Engineering, vol. 29, pp. 41-47, 2005.

King Tim Xu Wei, "Flexure hinges for piezoactuator displacement amplifiers:
flexibility, accuracy, and stress considerations," Precision Engineering, vol. 19,
no. 1, pp. 4-10, July 1996.

T. F. Lu and D. C. Handley Y. K. Yong, "Review of circular flexure hinge
design equations and derivation of empirical formulations," Precision
Engineering, vol. 32, no. 1, pp. 63-70, 2008.

L. Weisbord J. M. Paros, "How to design Flexure Hinges," Journal of Machine
Design, vol. 37, pp. 151-157, November 1965.

Z. Zhou Y. Wu, "Design calculations for flexure hinges," American Institute of
Physics, vol. 73, pp. 3101-3106, August 2002.

V. Krovi, G. Ananthasuresh, and V. Kumar, "Kinemtaic and Kinetostatic
Synthesis of Planar Coupled Serial Chain Mechanisms," Journal of Mechanical
Design, vol. 124, pp. 301-312, 2002.

N. Celanovic M. Goldfrab, "Modeling Piezoelectric Stack Actuators for Control
of Micromanipulation," /IEEE Control Systems, vol. 17, no. 3, pp. 69-79, June
1997.

W.L. De Koning, R. Banning H.J.M.T.S. Adriaens, "Modeling piezoelectric
actuators," Mechatronics, IEEE/ASME Transactions on, vol. 5, no. 4, pp. 331-
341, December 2000.

A. Sabanovic, S. Yesilyurt K. Abidi, "Sliding mode control based disturbance
compensation and external force estimation for a piezoelectric actuator," , 2004.

Khalid Abidi, "Sliding-Mode Control For High-Precision Motion Control
Systems," Sabanci Univesity, MSc. Thesis 2004.

184





