CHAPTER 5

Kinetostatic Modelling of Micro-motion Stages

A more accurate modelling method compared to the PRBM method is presented
in this chapter. This is a kinetostatic model which is capable of predicting both
the kinematics and statics of compliant mechanisms. In other words, kinetostatic
models allow the fulfillment of both the kinematics and the statics design crite-
ria (Krovi et al., 2002) of compliant micro-motion stages. The kinetostatic models
of the two compliant stages, which were the four-bar compliant mechanism and
the 3-RRR compliant stage were derived. The kinetostatic models were derived
to have closed-form equations. Material and link parameters are variables in the
models. Flexure hinge compliances are also one of the variables in these models.
Therefore, the most suitable flexure hinge compliance equation can be selected
based on the scheme developed in Chapter 3 to calculate the kinetostatics of com-
pliant micro-motion stages accurately. Two cases of the four-bar mechanism and
the 3-RRR micro-motion stage respectively were studied to a) investigate the effect
of inaccurate modelling of flexure hinge compliances on the accuracy of the kine-
tostatic models, and b) to demonstrate the advantages of the derived closed-form
kinetostatic models with flexure hinge compliances as one of the variables. Ana-
lytical matrices of the kinetostatic models of Case 1 were calculated by deliberately
choosing the flexure hinge equations which have large differences when compared
to FEA results (refer to Figures 3.12-3.14). Meanwhile, analytical matrices of Case
2 were obtained by choosing the flexure hinge equations with small differences
(refer to Figures 3.12-3.14 and Table 3.9).
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Chapter 5. Kinetostatic Modelling of Micro-motion Stages

Nomenclature

Note: Matrices are shown in boldface.

Subscripts
1,2,3,0,0
T, Y,z

h1, h2, h3
Ly, Ly, L3
Superscript
1,2,3
Symbols

X,y

Ax, Ay

C
F, M

0Az/OF, 9Az/OM
OAy/OF, 0Ay/OM
8Aa/OF, dAa/OM

[Aaz/MZ]jl[Ay/Fy]j/
Az/F;,

tj
R;

D

Point1,2,3,0’, 0
reference axes
Hinge 1, 2,3

Link1,2,3

reference axes of flexure hinges

reference axes

translational displacements along the x- and y-axis, also

named as Az-displacement and Ay-displacement

rotational displacement motion about the z-axis, also

named as Aa-displacement

compliance matrix

force, moment

the change of Az-displacement due to forces/moment
the change of Ay-displacement due to forces/moment
the change of Aa-displacement due to forces/moment

compliances of flexure hinge j, where j =1, 2,3

smallest thickness of flexure hinge j, where j =1,2,3
radius of flexure hinge j, where j =1,2, 3

displacement matrix
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5.1 Kinetostatic model of four-bar compliant
mechanisms

The kinetostatic model of a four-bar compliant mechanism is shown below.

Uo (jo,F0 Co,Fin Fo
- (5.1)

Uin Cinpo Cinr, E;
T
where U, = { Az, Ay, Aa, | 1sa3x] matrix representing the output displace-
ments of the compliant mechanism,
Un is a constant representing the input displacements of the compliant mecha-

nism,
T
Fo=|F, F, M, ] is a 3x1 matrix representing the output forces/moment

acting at Point o,

F;, is a constant representing the input forces,

Co F, is a 3x3 compliance matrix relating the output displacements to the output
forces/moment,

CoF,, is a 3x1 compliance matrix relating the output displacements to the input
forces,

Cinr, is a 1x3 compliance matrix relating the input displacements to the output
forces/moment,

Cin,F,, is a constant relating the input displacements to the input forces.

5.1.1 Derivation of the output compliance matrix, CorF,

The four-bar compliant structure is divided into two links in order to calculate the
Co r, matrix. Each link consists of two flexure hinges. The flexure hinge compli-
ances are [Aa. /M.];, [Ay/F)]; and [Az/F,]; where j =1,2. Link 1 of the four-bar
compliant structure is shown in Figure 5.1b together with its dimensions, displace-
ments, local coordinates of flexure hinges and the applied forces/moment. The
compliances at Point o’ contributed by each flexure hinge in the structure are firstly
calculated. These compliance matrices are named Cy; and Cy2. The two flexure
hinges of Link 1 are arranged in series; therefore the compliance matrix of the four-
bar structure at Point o’ can be obtained by summing Cy,; and Cy,2. The compliance
matrices of the two links are referred to as Cy,o r, and Cy,,o r, respectively. The
two links of the four-bar structure are arranged in parallel; therefore the C, ¢, ma-

trix in Equation 5.1 is calculated by summing Cy,,, ¢, and Cr,,, r, using the rule
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Figure 5.1: Four-bar compliant mechanism
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Figure 5.2: Parallel spring model of the four-bar compliant mechanism

of parallel connection of springs (see Figure 5.2). Throughout the derivation of the
kinetostatic model in this thesis, it is assumed that a) the structural deformations
only occur at flexure hinges and no deformations occur at rigid linkages, and b)

the translational and rotational displacements are small enough to be linearised.

5.1.1.1 Compliances of the four-bar mechanism due to Hinge 1

The compliance matrix of the four-bar compliant structure due to Hinge 1 is ex-

pressed as,
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Figure 5.3: Compliances due to Hinge 1
OAzl JOF,, O0Axl /OF,, O0Azl/OM,.,
Cni = | 0AyL/OF,, 0AyL/OF,, OAyl/0M,., (5.2)
8AOZ£//8F011« 8Aai,/8Fo/y aAOé;//aMOIZ
where the partial derivative terms in Equation 5.2 are derived as follows:
From Figure 5.3, forces/moment acting at Point o’ and Point 1;,* can be re-
solved into forces/moment acting at Point 1 as follows,
F, = Fo/y
Fly = _Fo’z - E
Mlz - _Fo’x (l2 + l3 + 2R2) - -anll + Mo’z (53)

Derivation of  9A«l /OF,., 0Aal JOF,, and dAal, /OM,.,

The rotational displacements about the z-axis, Aa%—displacement at Point 1 can be

calculated as shown below,

*Input forces acting at this point are going to be used to calculate compliance matrices Co F,,,,
CF,,.0 and Ciy, r,, later in this section.
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[Aa, ] Ao,
AO[% = _MZ_1M12+ [E}IFMJRI

-ACY ] A@

- A 3+ 2Ry) — Fyuly + M, | (-F,, — F,
_Mz_l{ ox(12+l3+ R?) zn1+ oz}+|:Mz:|1( o'z m)Rl
_A Z_

= ]\/([)é {_Fo’x (l2 + lS + 2R2 —+ Rl) — En (ll —+ Rl) + Mo/z} (54)
L z 11

The Aaj-compliances of Hinge 1 caused by F,., F,, and M., are obtained by
taking the partial derivatives of Ao} with respect to the forces/moment acting at

Point ¢/,

Ao} Aa,
GFO/: = —(lo+1l3+2Ry + Ry) { v ] 1 (5.5)
0Aaq
9F,, 0 (5.6)
dAaq Aa,
= 7
oM. [ i 1 67

The results of the partial derivatives of A«{ in Equations 5.5 to 5.7 describe the
relationship between the Aa;-displacement and the forces/moment. The partial
derivatives of the Az- and Ay-displacements with respect to forces/moment also
describe this similar relationship.

The rotational displacements about the z-axis, A«.,-displacement at Point ¢ is
the same as Ao&—displacement. Therefore, their results of the partial derivatives
are the same as Equations 5.5, 5.6 and 5.7.

dAal,
aFo’m

(5.8)

Ao,
- —(12+lg+2R2+R1){ O‘]
1

M,

aAOz})/
0Fy,

-0 (5.9)
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(5.10)

oAa),  [Aa,
a-2\40’2 - Mz 1

Derivation of  9Ayl /0F,,, 0Ay. /OF,, and 0Ayk/OM,.,

The translational displacement along the y-axis, Ay;-displacement at Point 1 can

be calculated as shown below,

A Aa,
AZ/% = [_y] F1y+|: ] M. R,
1 1

F, M,

_ _ |4y
- F

Y

Aa;,
+ { ]\? } {—Fy.(la+ 13+ 2Ry) — Fiply + My, } Ry (5.11)
z 11

:| (Fo/z + En)
1

The Ayj-compliances of Hinge 1 caused by F,,, F,, and M, are obtained by
taking the partial derivatives of Ay; with respect to the forces/moment acting at

Point ¢/,

OAy} Ay Ao,
— = — = —(lb+1l3+2 12
oF,. F, |, (lo + 13 +2Ry) Ry M. |, (5.12)
Ay
= 0 5.13
o (5.13)
oAy Aa,
L. R, { v L (5.14)

Due to the amplification of the link with distance I + I3 + 2R, the trans-
lational displacements, Ayl-displacement at Point o’ is the summation of Ay;-
displacement at Point 1 and the amplified displacements caused by the rotational
motions of the link (see Figure 5.4). Therefore, the Ayl -displacement is,

Ayl = Ayl +Aal (Iy + 13+ 2Ry) (5.15)

The Ay/,-compliances of Hinge 1 caused by F,,, F,, and M, are obtained by
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Figure 5.4: Ayl-displacement caused by the amplification of link with distance
lo + I3 + 2R,. Dashed lines represent initial position of the four-bar compliant
structure. The flexure hinge is drawn as a solid line and the rigid link is drawn as
a block

taking the partial derivatives of Ay, with respect to all the forces/moment acting
at Point ¢/,

aAy;/ . 8Ay% aAaél
OF,. = OF,, + OF,. (Io + 13+ 2Ry)

- [Ay] — (Iy+ 15+ 2Ry) Ry {AO‘ZL

M,

Aa,
+{ z2+13+2R2)(l2+l3+2R2+R1)[A;} }
2 11

Ay
— {(I ) 2
F} (o + 13+ 2Rs) Ry

Y

Ao,
+(lo+1l3+2Rs) (la+ 13+ 2Ry + Ry) } [ ]\/([l ] (5.16)
z J1
0Ny}, OAy;  OAQl,
o = @ (lyg + 15+ 2
DFy, 0F,, | OFy, (Io + 15+ 2Ry)

= 0 (5.17)
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OAyy, 0Ny +8Aa}/
8Mo’z B aMO’Z a-2\40’2

Aaﬂ

1

Aa,
— Rl{ L+(12+l3+2R2){M

MZ z
Ao,
M., |,

(lo+ 15+ 2R,)

(5.18)

= (12+13+R1+2R2){

Derivation of Az} /OF,,, 0Axl /OF,, and Azl /OM,.,

The translational displacements along the x-axis, Ax{-displacement at Point 1 can

be calculated as shown below,

E] 1 Fy, (5.19)

The Azj-compliances of Hinge 1 caused by F,., F,, and M, are obtained by
taking the partial derivatives of Az; with respect to the forces/moment acting at

Point ¢/,
gﬁf — 0 (5.20)
g?jj - {%ﬂl (5.21)
SJ\AIi =0 (5.22)

Due to the amplification of the link with distance Il + I3 + 2R,, the trans-
lational displacements, Azl -displacement at Point o’ is the summation of Azj-
displacement at Point 1 and the amplified displacements caused by the rotational

motions of the link (see Figure 5.5). Therefore, the Az -displacement is,

Al’(l), = Aw} + {(lg + l3 + 2R2) - (lz + l3 + 2R2) CcoS (AO&CI,/)} (523)

However, the term {(l2 + I3 + 2Rs) — (I + I35 + 2R3) cos (Aal,) } in Equation 5.23 is
very small. Thus, Equation 5.23 is reduced to,
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Figure 5.5: Az)-displacement caused by the amplification of link with distance
ly + I3 + 2R,. Dashed lines represent initial position of the four-bar compliant
structure. The flexure hinge is drawn as a solid line and the rigid link is drawn as
a block

Azr) = Ax; (5.24)
Therefore, the Az} -compliances are the same as the Ax{-compliances.

aA.T})/

=0 (5.25)
0Nz, Ax
o |22 2
OFy, { F, ] 1 (5.26)
dAz),
A = (5.27)

By substituting Equations 5.8-5.10, 5.16-5.18 and 5.25-5.27 into Equation 5.2, the
compliance matrix of the four-bar compliant structure due to Hinge 1 can be ob-
tained.

5.1.1.2 Compliances of the four-bar mechanism due to Hinge 2

The compliance matrix of the four-bar compliant structure due to Hinge 2 is ex-

pressed as,
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where the partial derivative terms in Equation 5.28 are derived as follows:
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Figure 5.6: Compliances due to Hinge 2

Cnz = | 0Ay2/OF,, O0Ay%/0F,, OAy%/OM,.,

0Nz JOF,, 0Axz%[OF,, OAx/OM,,

0N 0F,, A2 /0Fy, 0A2/OM,,

(5.28)

From Figure 5.6, forces/moment acting at Point o’ can be resolved into forces/ moment

acting at Point 2 as follows,

F2:1: = Fo’y
F2y = _Fo/m
M2z = _Fo’zl3 + Mo’z

Derivation of  0A«a? /OF,., 0Aa? /OF,, and OAa?%/OM,.,

(5.29)

The rotational displacements about the z-axis, Aaj-displacement at Point 2 can be

calculated as shown below,
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-Aaz—
AO!% = MZ_2M22+|:

Ao,
M,

:| F2yR2
2

:Aa 1 A«
— z —F/l M/ z —F/
Mz 2( ox3+ oz)+|:Mz:|2( oxRQ)

:A Z_
= D (—Fyu (s + Ro) + M) (5.30)
L MZ 2

The Aa%-compliances of Hinge 2 caused by F,,, Fy, and M, are obtained by
taking the partial derivatives of Aa3 with respect to the forces/moment acting at

Point o/,

OAQ3 Aa,
r. = (it ) { i L (5.31)
0ha; _ (5.32)
OFy, '
OAQ3 Aa,
aMO/Z - |: MZ :|2 (5.33)

The rotational displacements, Aa?-displacement at Point o’ is the same as Aaj3-
displacement. Therefore, their results of the partial derivatives are the same as
Equations 5.31, 5.32 and 5.33.

OA?, A«
S (4 Ry { ] (5.34)
aFo’m Mz )
2
%@O‘O’ 0 (5.35)
o'y
OAQ?, Aa,
9N, { M ]2 (5.36)



5.1. Kinetostatic model of four-bar compliant mechanisms 87

Derivation of  9Ay? /0F,,, 0Ay% /0F,, and 0Ay2/0M,.,

The translational displacements along the y-axis, Ay3-displacement at Point 2 can
be calculated as shown below,

Ay Aa,
Ay; = [—] Fyy + {—} M, Ry
? Fy ], ! M. |,

Ay Aa,
= —|=| F,u My, — Fy.l3) R 5.37
[FyL +{MZL( ) 637

The Ayj-compliances of Hinge 2 caused by F,,, F,, and M, are obtained by
taking the partial derivatives of Ay3 with respect to the forces/moment acting at

Point ¢/,

oAy Ay Aa,
e = { 7|, I3Rs i, (5.38)
0Bhys _ (5.39)
OF,, '
OAys Aa,
OM,. RZ{MJQ (540

Due to the amplification of the link with distance /5, the translational displace-
ments, Ay?-displacement at Point o’ is the summation of Ay3-displacement at
Point 2 and the amplified displacements caused by the rotational motions of the
link (see Figure 5.7). Therefore, the Ay?-displacement is,

Ay: = Ay + Adils (5.41)

The Ay?-compliances of Hinge 2 caused by F,,, F,, and M,, are obtained by
taking the partial derivatives of Ay? with respect to all the forces/moment acting

at Point ¢/,
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Figure 5.7: Ay?-displacement caused by the amplification of link with distance
ls. Dashed lines represent initial position of the four-bar compliant structure. The
flexure hinge is drawn as a solid line and the rigid link is drawn as a block

aAyg/ . 8Ay§ i aAag/l
OF,,  OFy, OFy °

-] e o )

Ay:| Aaz
= —|=| —1l3(l3+2Ry) { } (5.42)
) i,
OAyZ  0Ay; N 8Aa§,l
8Fy,  OF,, 0OF,, °
=0 (5.43)
OAyZ  OAy; +8Aa§, /
8]\40’2 B 8M0’z a]\40’2: ’
Aa, Ao,
- ) e 5
Ao,
= (I3+ Ry) { VA L (5.44)

Derivation of  0Az? /OF,,, 0Ax? /0F,, and OAx?/0M,,

The translational displacement along the x-axis, Az3-displacement at Point 2 can

be calculated as shown below,
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Au? = {Am

= F,
"

Ax
= |—| F, 4
|:F55:|2 oY (5 5)

The Az3-compliances of Hinge 2 caused by F,., F,, and M, are obtained by
taking the partial derivatives of Az with respect to the forces/moment acting at

Point ¢/,
0hz; _ (5.46)
aF’o’:z: B '
OAz2 Az
pr— — '47
OF, o'y [ Fy ] 2 647)
0Az; _ (5.48)
a]\/[o’z B .

Due to the amplification of the link with distance I3, the translational displace-
ments, Az?-displacement at Point o’ is the summation of Ax3-displacement at
Point 2 and the amplified displacements caused by the rotational motions of the
link (see Figure 5.8). Therefore, the Az?-displacement is,

Ax? = Axs+ {lg — l3cos (Aa?)/)} (5.49)

However, the term {l3 — l3cos (Aa?)} in Equation 5.49 is very small. Thus, Equa-
tion 5.49 is reduced to,

Ax? = Az (5.50)
Therefore, the Az?-compliances are the same as the Ax3-compliances,

8Al’3/

L =0 (5.51)
OAZ?, [Aaz}

o _ |22 (5.52)
0Fy, | T,

g M"”/O — 0 (5.53)

By substituting Equations 5.34-5.36, 5.42-5.44 and 5.51-5.53 into Equation 5.28,
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Figure 5.8: Az?-displacement caused by the amplification of link with distance
ls. Dashed lines represent initial position of the four-bar compliant structure. The
flexure hinge is drawn as a solid line and the rigid link is drawn as a block

the compliance matrix of the four-bar compliant structure due to Hinge 2 can be

obtained.

5.1.1.3 Compliance matrices of Link 1 and 2

Since the two flexure hinges are arranged in series in the four-bar compliant struc-
ture, the overall compliances of the four-bar structure at Point o' can be calculated
by summing the compliance matrices, Cp; and Cje. However, the compliance
matrices Cpy and Cyg are defined using the local coordinate of z'y', and z?y? re-
spectively. These local coordinates are orientated 90° from the coordinate of 2°'y°".
Therefore, Cy; and Cyz need to be rotated by 90° before the summation. The ro-
tated Cy,; and Cy,g are referred to as Cy,; and C,, respectively.

C;u = T;/2Cm (5.54)
Chy = T7/2Cn2 (5.55)

where,

cos(m/2) —sin(m/2) 0

Tr2 = | sin(r/2) cos(m/2) 0 (5.56)

0 0 1

The compliance matrix at Point o’ of Link 1 is,
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Crior, = Cpy + Cha (5.57)

where the subscript “L;” indicates Link 1 of the four-bar compliant structure.

The output displacements at Point o' of Link 1 is,

AJIO/

Ayox = CLlo’,Fol Fo (558)

AO(O/

I,
T
where¥o = | [, F,, M,.

When output forces are applied at Point o instead of Point o’ (see Figure 5.1a)
and the displacements at this point are desired, matrix T¢ can be used to transfer
the output forces from Point o to Point o’. Once Cy,« r_, is determined using Equa-
tion 5.57, the compliances at Point o can be calculated by transforming Cy, o r_, to
Point o using a matrix, 7. Intuitively, we know that Az, = Az, and Aa, = Aay.
However, Ay, # Ay, due to rotational motions (Aa,) and the amplification of
lever arm, ;. This link amplification effect is taken into consideration by the ma-
trix Tq. Displacement Ay, of the four-bar compliant stage is illustrated in Figure
5.9.

The force transformation matrix is,

_1 0 0 _
Te=1]0 1 0 (5.59)
0 —ly 1
where,
Fo = T¢F, (5.60)

T
and F, = [ F F, M, ] .

The displacement transformation matrix is,

Tq (5.61)

|
(e
—_

|
o~
Ny
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Figure 5.9: Calculation of compliances at Point 0. Dashed lines represent initial
position of the four-bar compliant structure. The flexure hinge is drawn as a solid
line and the rigid link is drawn as a block

The output displacements at Point o of Link 1 is,

Az,

Ayo = TdCLlo/,Fo/ (TfFo) (562)

Aq,

L dr,

Therefore, the compliance of Link 1 at Point o is,

CrioF, = TaCr,o F,, Tt (5.63)

Since Link 2 is a mirrored structure of Link 1 along the y°-axis, the compliance of
Link 2 at Point o can be obtained as shown below,

Cror,(1,1) —Cror.(1,2) Crior,(1,3)

CLzo,Fo = _CL10,F0(27 1) CLlo,Fo<27 2) —CL107F0 (2, 3) (564)

(leo,F0 (37 ]-) _CLlo,Fo (3» 2) CLlo,Fo (37 3)
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5.1.1.4 Compliance matrix C,r,

Since Link 1 and 2 are arranged parallel to each other (see Figure 5.2), the compli-
ance matrix of the four-bar compliant mechanism, C, ., can be found using the

rule of calculating the equivalent compliances for parallel connections of springs,

Cor, = (Cilor. + Cilor.) (5.65)

The output displacements of the four-bar compliant mechanism due to applied

forces/moment can be expressed as,

Az,
Ayo = CO,FOFO (566)

Aq,

- - 4bar

5.1.2 Derivation of the compliance matrix, Cor,, and Ci, r,

The compliance matrix, Cy,o r,, of Link 1 at Point o’ due to F;,, is firstly calculated.
Then, the compliance matrix at Point o, Cy,0r,, is calculated by multiplying the

transformation matrix, Tq to Cy,, o F,,,

5.1.2.1 Derivation of Cy, o F,, and Cy,oF,,

When input force F;, is applied, compliances of Link 1 at Point o' and Point o are
only affected by the compliances of Hinge 1 due to its open-chain configuration.
The compliance matrix at Point o/, Cy,, o r,, due to Hinge 1 is expressed as,

CL10',Fin = T7T/2 8ij/8Fm (567)

IAQl, JOFy,

where the partial derivative terms in Equation 5.67 are derived as follows: The
Aaji-, Ayi- and Axi-displacement are derived using the local coordinate of z'y'.
Therefore Equation 5.67 is rotated by 90°.

From Equations 5.4, 5.11 and 5.19, Aaj-, Ay;- and Azi-displacements are,

Aa,
M,

Aa,
M,

AO& - |: :| {_Fo’ac (l2+l3+2R2) _Enl1+Mo’z}+ |: :| (_Fo’:v_-Fi )Rl
1 1



94 Chapter 5. Kinetostatic Modelling of Micro-motion Stages

A Aa,
Ayy =~ {Fy} (Foa + Fin) + [ i } {=Foa (I + 15+ 2R2) = Finly + Mo} Ry
yl1 z 41
Ax
Al’% = |:E:| ) Fo’az

The Aaj-, Ay;- and Azj-compliances of Hinge 1 caused by £}, are obtained by
taking the partial derivatives of Aaj, Ay; and Az} with respect to the input force
F,, acting at Point 1,,, (see Figure 5.3),

8Aa% Aaz
or. (I1 + Ry) { M ]1 (5.68)
OAy} B Ay Aa,
aE - |:Fy . (llRl) Mz ) (5'69)
OAz}
oF. 0 (5.70)

The Ao} -displacement is the same as Aaj-displacement. Therefore, the results

of the partial derivatives with respect to F},, are the same as Equation 5.68.

aAOzi/
OF;

(4R 571)

Ao,
M, |,

From Equations 5.15 and 5.24, the Ay!,- and Az) -displacements are,
Ayi, = Ay% + Aai, (lg + l3 + 2R2)

1 _ 1
Az, = Ax

The Ayl- and Az}-compliances of Hinge 1 caused by Fj}, are obtained by taking
the partial derivatives of Ay}, and Az}, with respect to the input force at Point 1,,,,
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8A 1/ aA ! 8A 1’
aF?,/O = 8Fy1 —+ 8FC~YO (lQ ‘f‘lg +2R2)
A Ao, Aa,
-l 3] oo m 3] evon)
A Aa,
= |22 SR 4 (o415 +2Ry) (I + Ry) | =2 (5.72)
F, 1 M, 1
aAq;é, - aAQZ%
OF,, —  OF,
= 0 (5.73)

By substituting Equations 5.71, 5.72 and 5.73 into Equation 5.67, Cy,, ,, can be
found.

The compliance matrix at Point o, Cy,, 0 ¥,,1S,
CrioF, = TaCrio F,, (5.74)

5.1.2.2 Derivation of C, ¥y,

The output displacement of Link 1, Dy, r,, at Point o due to input force F;, is,

DL10,Fin - CLlo,Fin En (575)

By using Equation 5.63, the output displacement of Link 1, Dy,,, ¥, at Point o due

to output force F, is,

Di,or, = CriorF.Fo (5.76)

By equating Equations 5.75 and 5.76, the equivalent output force Fy,, o eqv at Point
o when F;,, = IN (unit force) can be calculated as below, where Fi,eqv = Fo in

Equation 5.76,

FL10,eqv = [CL;LO,FO]_1 CLlo,Firl (5.77)

By multiplying the equivalent output force Fy,, 6 eqv to Co , , the output displace-
ment of the four-bar compliant structure caused by F;,, from Link 1 can be found.
Since a unit force of Fj, is used to calculate the equivalent output force, the out-
put displacement obtained can also represent the output compliance of the stage
caused by F},,
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CO,Fin = Do,Fin = Co,FC,FLlo,eqv (578)

Cinr, is the transpose of C, y,, and can be obtained as below,

Cinr, = [Co,Fin}T (5.79)

5.1.3 Derivation of the compliance matrix,  Cj, 5,

The input displacements, w;, r,, due to input force F;,, can be calculated as below,
where C;, , is obtained from Equation 5.79 and Fy,,, cqv is Obtained from Equa-
tion 5.77. Note that F,, o eqv is the equivalent force calculated at Point o when input
force F;, is applied at Link 1. Since a unit force of Fj, is used to obtain the equiv-
alent output force, the input displacements u;, r,, obtained can also represent the

input compliances of the stage caused by F;,,

CiTL:Fin - uinyFin

- Cin,FoFLlo,eqv (580)

where u;, 1, is the displacement at Point 1;, (see Figure 5.1) of the four-bar com-

pliant mechanism due to F,.

5.1.4 The Jacobian matrix of four-bar compliant mechanisms

The relationship between the input and output displacements can be derived from
Equation 5.1 for a given F,. For example, when there is no external force, F, = 0,

and therefore,

Uo - Co,FinEn (581)

Fin = Cop,, Us (5.82)
and,

Uin = Cin r,, Fin (5.83)

Fin = C;lp, Us (5.84)
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By equating Equation 5.82 and Equation 5.84 ,

Uo = CO,FinCi;:Fin Uin (585)

A constant Jacobian matrix is used in this thesis (as explained in Section 4.2) to
relate the output displacements (U,) to the input displacements (U;,,) of the com-
pliant mechanisms; therefore the Jacobian matrix is defined as below,

J=Cop, C:}! (5.86)

in lTL,Fin

5.1.5 Case studies of the four-bar compliant mechanism

For comparison purposes, the four-bar compliant mechanism studied in this sec-
tion is the same as that in Chapter 4. Material properties, link lengths and flexure
hinge dimensions of the mechanism are shown in Table 5.2.

Two cases were studied where analytical matrices of the kinetostatic model of
Case 1 were calculated by deliberately choosing the flexure hinge equations with
large differences when compared to the FEA results (refer to Figures 3.12-3.14).
Meanwhile, analytical matrices of Case 2 were obtained by choosing the flexure
hinge equations with small differences (refer to Figures 3.12-3.14 and Table 3.9).
Table 5.3 shows the flexure hinge equations chosen from various published re-
search studies for Cases 1 and 2 respectively. Table 5.4 shows the analytical results
of Cases 1 and 2. Since C, 5, = C;{Fo, the result of C, ,, is not repeated in Table
54.
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Material properties

E 71.7 GPa

Poisson’s ratio, v 0.33

Link length ll lg 13 l4
(mm) 214,010

Flexure hinge tl, tQ Rl, RQ tl/Rl, tQ/RQ b
(mm) 1 3 0.33 5

Table 5.2: Material properties, link lengths and flexure hinge dimensions of the
four-bar compliant mechanism
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Case 1 Analytical results
Cor, 1.14 0 —1.18
(um/N, prad/N 0 0.01 0
pm/Nm, prad/Nm) —1.18 0 147.04
Cin,Fo
0.57 0 —0.37
(um/N, prad/N)
7FL7L 0.283
(um/N)
2.001
JanalyticalAbar 0
—1.27
Case 2 Analytical results
Cor, 1.92 0 —0.81
(um/N, prad/N 0 0.01 0
um/Nm, prad/Nm) —-0.81 0 100.62
Cin,F0
096 0 —0.25
(um /N, prad/N)
Cin ;
o 0.48
(um/N)
2.002
JanalyticalAbar 0
—0.52

Table 5.4: Case studies - Analytical matrices of the kinetostatic model of the four-
bar compliant mechanism

5.1.5.1 Discussion

The resulting compliance and Jacobian of the two cases in Table 5.4 suggest that the
four-bar compliant mechanism has high translational stiffness in the y°-direction
and high rotational stiffness along the z°-direction which are in agreement to the
one-DOF characteristic of a four-bar mechanism. It can also be observed that the

analytical results of Cases 1 and 2 are noticeably different except for the transla-
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tional term in the Jacobian matrix. The translational terms (Az,) of the two Jaco-
bian matrices are similar but the rotational terms (Ac,) are different. The similarity
of the Az, terms in the Jacobian matrices is explained by the fact that the Jacobian
represents the kinematics of the micro-motion structures; therefore the Jacobian is
almost independent of the compliances or stiffnesses of flexure hinges. The choice
of flexure hinge equations used to calculate the analytical results has minimal ef-
fects on the results of the Jacobian matrix. The choice of flexure hinge equations
influence the Aq, term of the Jacobian matrix by a very small amount, which is
0.75 prad/pm. This influence on the Aa, term is insignificant. The analytical Jaco-
bian results will be compared to the FEA and experimental results to justify their
accuracies.

The differences between the compliance results of Cases 1 and 2 suggest that
the choice of flexure hinge compliance equations affects the results of the kineto-
static model. Since the kinetostatic model is derived to have flexure hinge compli-
ances as one of the variables, flexure hinge equations with small differences when
compared to FEA results can be selected based on the scheme developed in Chap-
ter 3, and these hinge equations can be incorporated into the kinetostatic model to
accurately predict both the kinematics and statics of compliant mechanisms. The
modelling results of Cases 1 and 2 will be compared to the FEA and experimental

results in Chapters 6 and 7 in order to verify their accuracies.
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5.2 Kinetostatic modelling of 3-RRR micro-motion
stages

The kinetostatic model of a 3-RRR micro-motion stage is shown below,

Uo CO,F0 Co,Fin Fo
- (5.87)

Uin Cin,F0 Cin,Fin Fin

T
where U, = { Az, Ay, Aa, } is a 3x1 matrix representing the output displace-

ments of the stage,

T
Uin = |y Ugin  Usin } is a 3x1 matrix representing the input displacements of

the stage,

T
Fo=1|F, F, M, ] is a 3x1 matrix representing the output forces/moment

acting at Point o,
r T

Fin = | ., Fy, Fs, | isa3x1 matrix representing the input forces,

Cor, is a 3x3 compliance matrix relating the output displacements to the output
forces /moment,

Co r,, is a 3x3 compliance matrix relating the output displacements to the input
forces,

Cinr, is a 3x3 compliance matrix relating the input displacements to the output
forces/moment,

Cin,F,, is a 3x3 compliance matrix relating the input displacements to the input

forces.

5.2.1 Derivation of the output compliance matrix, Cor,

Due to the symmetrical structure of the 3-RRR compliant micro-motion stage (see
Figure 5.10), the 3-RRR structure can be divided into three links in order to calcu-
late the C, y, matrix. Each link consists of a RRR topology which has three flex-
ure hinges. The flexure hinge compliances are [Aa. /M.|;, [Ay/F,|; and [Az/F;];,
where j =1, 2, 3. The RRR compliant structure is shown in Figure 5.10b together
with its dimensions, displacements, local coordinates of flexure hinges and the
applied forces/moment. The compliances at Point o’ contributed by each flexure
hinge in the structure are firstly calculated. These compliance matrices are named
Chi1, Ch2 and Cys. The three flexure hinges of the RRR structure are arranged in

series; therefore the compliance matrix of the RRR structure at Point o' can be ob-



5.2. Kinetostatic modelling of 3-RRR micro-motion stages 103

tained by summing Cy;, Cp2 and Cys together. The compliance matrices of the
three RRR links are referred to as Cr,or,, Cr,0r, and Cr,o r, respectively. The
three RRR links of the 3-RRR compliant structure are arranged in parallel; there-
fore C, r, matrix in Equation 5.87 is calculated by summing Cy,or,, Cr,0r, and

Crs0,F, using the rule of parallel connection of springs (see Figure 5.11).

5.2.1.1 Compliances of the RRR mechanism due to Hinge 1

The compliance matrix of the RRR mechanism due to Hinge 1 is expressed as,

OAzY, /OF,, OAzl/OF,, OAz/OM,,

Cni = | 0AyY/OF,, 0Ay./OF,, O0Ayl/OM,., (5.88)

OAQL, /0F,, OAaY/0Fy, 0Aal,/OM,,

where the partial derivative terms in Equation 5.88 are derived as follows:
From Figure 5.12, forces/moment acting at Point o’ and Point 1,,' can be re-

solved into forces/moment acting at Point 1 as follows.

Flac = Fo’m
Fly - Fo’y - Flin
My, = —Fyla+ Fyyly + My, — Fiinls (5.89)

Derivation of  9Aa«l /OF,., 0Adl JOF,, and 0Aal /OM,.,

The rotational displacements about the z-axis, A«}-displacement at Point 1 is,

[Aa, ] Ao,
AO& = _MZ -1M12+ [E:LFMRl
—Aaz_ AOJZ
= _ VA |, (_Fo/wl4 + Fo/yll + M, — Flml5) + |: M. :|1 (Fo’y — Flm) Ry
‘A Z_
= ]\j {=Foals + Fory (b + Ry) + My, — Fuin (Is + Ry)} (5.90)
L zZ 11

The Aaj-compliances of Hinge 1 caused by F,., F,, and M, are obtained by
taking the partial derivatives of A«aj with respect to the forces/moment acting at

fInput forces acting at this point are going to be used to calculate compliance matrices C, F,,,,
CF,, 0 and Ciy, p,, later in this chapter.
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Figure 5.10: 3-RRR compliant micro-motion stage
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Figure 5.11: Parallel spring model of a 3-RRR micro-motion stage
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Figure 5.12: Compliances due to Hinge 1
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Point ¢/,

ONoy Aa,
= —14{ MZL (5.91)
OAal Aa,
e - <z1+Rl>{MZL (592)
OAat Aa,
o { MZL 59)

The results of the partial derivatives of A« in Equations 5.91, 5.92 and 5.93 de-
scribe the relationship between the Aaj-displacement and the forces/moment.
The rotational displacements, Aa},-displacement at Point ¢ is the same as Aaj-

displacement. Therefore, their results of the partial derivatives are the same as
Equations 5.91, 5.92 and 5.93,

dAa, Aa,
oF,., 4 [ YA L (5.94)
dAal, Aa,
0F,, (b + R1) { M. L (5.95)
dAal, Ao,
e = [ i ]1 (5.96)

Derivation of  9AyY /0F,,, 0Ay. /OF,, and 0AyL/OM,.,

The translational displacements along the y-axis, Ay;-displacement at Point 1 is,

Ayl = [—] Fy +{ ] M. R’y
' v 11 ! M. |,

:| (_Fo’xl4 + Fo’yll + Mo’z - Flinl5) Rl (597)
1
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0'e,

z-axisis
out of page

Figure 5.13: Ay} -displacement caused by the amplification of link, /;. Dashed
lines represent initial position of the RRR structure. The flexure hinge is drawn as
a solid line and the rigid link is drawn as a block

The Ay;-compliances of Hinge 1 caused by F,,, F,, and M, are obtained by
taking the partial derivatives of Ay] with respect to the forces/moment acting at
Point ¢/,

Ay

Aa,
of,. 4Ry [Mz ]1 (5.98)
oAy;  [Ay Aa,
Dy [E 1 + LR i (5.99)
0Ny Aa,
L. Ry [ VA L (5.100)

Due to the amplification of the link with distance /;, the translational displace-
ments, Ay}-displacement at Point o' is the summation of Ay;-displacement at
Point 1 and the amplified displacements caused by the rotational motions of the
link (see Figure 5.13). Therefore, the Ay.,-displacement s,

Ayl = Ayl + Aakl (5.101)
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The Ayl-compliances of Hinge 1 caused by F,,, F,, and M, are obtained by
taking the partial derivatives of Ay, with respect to all the forces/moment acting

at Point ¢/,

1 1 1
0Ay,, _ 0Ay; +8Aao,l1

8F0/x 8F0/m aFo’x

Ao, Aa,
- 5] e (5] )

Ao,
= —l(lh+R) |:Mz L (5.102)
oAy,  O0Ay +8Aa})/ l
0Fy,  0Fy, 0Fy, '
A Aaz AO‘z
= (3], w57 rwemo |5 0
A Ao,
_ [Ey] 1 +{LR +1, (I, + R))} [ i ]1 (5.103)
aAy:Ol/ . aAy% + aAOé(];/l
OM,.  OM,.  OM,.
Aa, Aa,
= w5 5] e
Ao,
= (Lh+Ry) {MZ ]1 (5.104)

Derivation of dAx! /OF,,, 0Ax! JOF,, and 0Azl /OM,,

The translational displacements along the x-axis, Az{-displacement at Point 1 is,

Azt |:AJJ

—| F

)
Az

= |—| F,, .105

=, 5105

The Azj-compliances of Hinge 1 caused by F,., F,, and M, are obtained by

taking the partial derivatives of Aw% with respect to the forces/moment acting at

Point ¢/,
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Aoclor is rotated
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but Point o' is moved 1 Al g
towards +ve x!-direction A%~ A%o’ 4
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o
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z-axisis g
out of page
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Figure 5.14: Azl -displacement caused by the amplification of link with distance
l4. Dashed lines represent initial position of the RRR structure. The flexure hinge
is drawn as a solid line and the rigid link is drawn as a block.

OAz] Az
oF,. {E]l (5.106)
OAz]
= -1 7
Iy, 0 (5.107)
OAx]
oL, 0 (5.108)

Due to the amplification of the link with distance /4, the translational displace-
ments, Az -displacement at Point o’ is the summation of Axz}-displacement at
Point 1 and the amplified displacements caused by the rotational motions of the

link (see Figure 5.14). Therefore, the Az} -displacement is,

Azl = Azl — Aall (5.109)

The negative sign of Aall, is due to the fact that when Ac/, is rotated towards
the anti-clockwise direction (negative rotations), Point o' is moved towards the
positive Az!-direction.

The Ax}),-compliances of Hinge 1 caused by Fy,, F,, and M, are obtained by
taking the partial derivatives of Az}, with respect to the forces/moment acting at
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Point ¢/,

OAz),  OAx _8Aa;}l
OFy,  OFy, OFy,
Az (. Ao, ]
AN S A
Az A«
= |== 12 z 11
=] 5, G0
oAz},  O0Ax _3Aa},/l
OFy,  OFy, OFy,
Ao,
= —lL(L+R 5.111
a (b +By) { i L (5.111)
OAz),  O0Az] _8Aa})/l
oMy,  OMy. OMy, "
A«
= —I & 5.112
Al 6112

By substituting Equations 5.94-5.96, 5.102-5.104 and 5.110-5.112 into Equation
5.88, the compliance matrix of the RRR structure due to Hinge 1, Cy; can be ob-
tained.

5.2.1.2 Compliances of the RRR mechanism due to Hinge 2

The compliance matrix of the RRR structure due to Hinge 2 is expressed as,

aAIz//aFolz anz//gFO/y 8A$2//8M012

Chn2 = | 0Ay%/0F,, 0Ay%/0F,, O0Ay%/0M,., (5.113)

OAQ?% JOF,, O0Aa?/OFy, O0AQ?/0M,y,
The procedures of deriving all the components of Cj2 in Equation 5.113 is the same
as that presented in Section 5.1.1.1. Therefore, the detailed procedures will not be
presented again in this section.
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111

Derivation of  dAa? /OF,., 0Aa% /OF,, and 0Aa? /OM,.,

aAag/
aFo’x

Aa,
== —(l2+l3+2R3+R2)|: Oé:|
2

M.

2
aAOéo/ 0
dF,,
oAaZ  [Aa,
a-2\40’2 B Mz 2

Derivation of  dAy? /0F,.,, 0Ay?/0F,, and 0Ay?/OM,.

0Ny, OAy2  OAQ?
—% = = (1 [ 2
a-Fo’at 8Fo’x 8Fo’:c ( 2 R3)

A

= - [_y] —{(la +13+2R3) Ry
Ey 2
Ao,
+(lo+ 134+ 2R;3) (o + 13+ 2R3+ Ro)} { i ]
z 12

OAy?, OAy2  OAQ?

— = > (ly + 13+ 2

OFy, 0F,, | OFy, (Io + 15+ 2R3)
= 0

OAY? 0Ny O0AQ?

—yo — y2 + ao (l2+l3+2R3)

a]\Io’z a]\4o’z a]\40’2
- (lg+l3—|—R2+2R3> |:

Ao,
M, |,

Derivation of  0Az?% /0F,., 0Ax% /OF,, and 0Az?%/OM,,

8Al’3/
aFo’;r =0

OAzZ  [Ax
OFy, | F: |,

(5.114)

(5.115)

(5.116)

(5.117)

(5.118)

(5.119)

(5.120)

(5.121)
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A2,
g Mxo =0 (5.122)

By substituting Equations 5.114-5.116, 5.117-5.119 and 5.120-5.122 into Equa-
tion 5.113, the compliance matrix of the RRR structure due to Hinge 2, Cy,2 can be
obtained.

5.2.1.3 Compliances of the RRR mechanism due to Hinge 3

The compliance matrix of the RRR structure due to Hinge 3 is expressed as,

Oz J0Fy, OAx3,)OF,, O0AZS/OM,.

Cns = | 0AY}/OF,, O0Ay>/OF,, O0AyS/0M,., (5.123)

OAG3, JOF,, OAad,JOF,, OAd/OM,.

The procedure of deriving all the components of Cy3 in Equation 5.123 is the same
as that presented in Section 5.1.1.2. Therefore, the detailed procedure will not be
presented again in this section.

Derivation of  0A«? /OF,,, 0Aa3, /OF,, and JAa? /OM,.

OAQ?, Aa,
oF. (I3 + R3) |:Mz L (5.124)
3Aa3/
2 12
Oy, 0 (5.125)
oJANa ¢ Ao,
e = { i L (5.126)
Derivation of  0Ay? /0F,,, 0AyS /0F,, and 0Ay3 /OM,.
oAy OAy3 N dAQ?, ;
aFO’.Z’ N 8F0’33 aFa’x ’
Ay:| Aaz
= |2 +2R){ } (5.127)
e 5]
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IAY, IAY3 N OAQ?, ;
- 3
OFy, 0Fy, ' OF,,
0 (5.128)
aAyZ)/ . 8Ay§’ i 3AO¢§/Z
OM,,  OM,y, OM,, "
Aa
= z 12
(I3 + R3) leL (5.129)
Derivation of  0Az? /0F,., 0Ax3 /OF,, and 0Az3 /OM,,
8AZE3/
¢ = 1
oF. 0 (5.130)
OAx3, Az
2 = |— 5.131
= 7. 511
0By _ (5.132)
a]\/[o’z B .

By substituting Equations 5.124-5.126, 5.127-5.129 and 5.130-5.132 into Equa-
tion 5.123, the compliance matrix of the RRR structure due to Hinge 3, Cy,3 can be
obtained.

5.2.1.4 Compliance matrices of Links 1, 2 and 3

Since the three flexure hinges are arranged in series in the RRR structure, the over-
all compliances of the RRR structure at Point o' can be calculated by summing
the compliance matrices, Cy1, Cn2 and Cys. However, the compliance matrices
Ch2 and Cy3 are defined using the local coordinate of z?y?, and z°y* respectively.
These local coordinates are orientated 90°from the coordinate of 2°4°". Therefore,
Ch2 and Cy3 need to be rotated by 90° before the summation. The rotated Cj,2 and

Chs are referred to as C,, and Cj, respectively.

Chy = T7/2Cn2 (5.133)
Chs = Tr/2Cus (5.134)

where T} 5 is obtained from Equation 5.56.



114 Chapter 5. Kinetostatic Modelling of Micro-motion Stages

The compliance matrix at Point o’ of Link 1, which is the first RRR link in the 3-RRR

micro-motion structure is,

Crior,, = Ch1 + Chy + Cps (5.135)

where the subscript “L,” indicates Link 1 of the 3-RRR structure.

The output displacements at Point o’ of Link 1 is,

AJ]O/
Ayol = CLlo’,FO/Fo’ (5136)

AOéol

L 1,

T
where¥o = | £, F,, M,.

When output forces are applied at Point o instead of Point o’ (see Figure 5.10a)
and the displacements at this point is desired, matrix T¢ can be used to transfer the
output forces from Point o to Point o’. Once Cy,« r,, is determined using Equation
5.135, the compliances at Point o can be calculated by transforming Cy, o r_, to
Point o using a matrix, Tq. Intuitively, we know that Az, = Az, and Ao, = Aay.
However, Ay, # Ay, due to rotational motions (Aa,/) and the amplification of
lever arm, /. This link amplification effect is taken into consideration by the matrix
Tq. The displacement, Ay, of the RRR stage is illustrated in Figure 5.15.

The force transformation matrix is,

— 1 0 0 _
Te=10 1 0 (5.137)
0 —lg 1
where,
F, = T¢F, (5.138)
and,

T
F°:|:Foz Foy Moz:| :

The displacement transformation matrix is,
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g Aay,

Rigid link

\_
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hinge

Figure 5.15: Calculation of compliances at Point 0. Dashed lines represent initial

position of the RRR structure.

rigid link is drawn as a block

The flexure hinge is drawn as a solid line and the

10 0
Ta=10 1 -l (5.139)
00 1

The output displacements at Point o of Link 1 is,

Az,
Ay,

A«

= T4aCr,or, (TtFo) (5.140)

1,

Therefore, the compliance of Link 1 at Point o is,

CrioF, = TaCur o, Tt (5.141)

Since Links 2 and 3 are arranged to be -120° and 120° apart from Link 1, the com-

pliance of Links 2 and 3 at Point o can be obtained as shown below:

The displacements, Dy,,, ¥, and Dy, r, at Point o due to compliances of Links 2

and 3 respectively are,
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DL20,Fo - T—271'/3CL10,F0TT271/3F0 (5142)
DL30,F0 = T27r/3CL10,FOTg‘7T/3Fo (5143)

where,

cos(2n/3) —sin(27/3) 0
Tor/3 = | sin(27/3) cos(2/3) 0 (5.144)

0 0 1

cos(—2m/3) —sin(—2m/3) 0
T 2r/s = | sin(—27/3) cos(—27/3) 0 (5.145)

0 0 1

and T;FTr /3 and TT% /3 are the transpose of T, /3 and T_»/3 respectively.

Therefore from Equations 5.142 and 5.143, compliance matrices of Links 2 and 3
can be expressed as,

CL207F0 = T*Zﬂ*/3CL10,F0TTzW/3 (5146)
Crgoro = T2r/3CLi0r.Tor/s (5.147)

Since Links 1, 2 and 3 are arranged in parallel to each other (see Figure 5.11), the
compliance matrix of the 3-RRR compliant micro-motion stage, C, r, can be found
using the rule of calculating the equivalent compliances for parallel connections of
springs.

-1

Cor, = (Cillo’F0 + Cﬂzlo,Fo + C;;(),FO) (5.148)

The output displacements of the 3-RRR compliant stage due to applied forces/moment

can be expressed as,

Ayo - (jo,FO Fo (5149)

- -4 3RRR
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5.2.2 Derivation of the compliance matrix, C,y, and Ci,r,

The compliance matrix which relates the output displacements at Point o to input

forces Flin/ FQin and FBin is,

CO’Fin - CO7Flin CO,inn CO,ngn (5150)

where C, 5., , Cor,, and C,r,,, are 3x1 matrices relating the output displace-
ments to the input forces.

In order to find C, y,,, in Equation 5.150, the 3-RRR compliant stage is divided
into three RRR links, similar to the calculation of C,,. The compliance matrix
(CLy0,Fy;,) Of Link 1 at Point o’ due to Fy;, is firstly calculated. Then, the compli-
ance matrix at Point o, Cr,or,;, is calculated by multiplying the transformation

matrix, Tq to Cr,o/ 7y, -

5.2.2.1 Derivation of Cy, o r,,, and Cr,oF,,,

When input force F3;, is applied, compliances of the RRR Link 1 at Point o’ and
Point o are only affected by the compliances of Hinge 1 due to its open-chain con-
figuration. The compliance matrix at Point o/, Cr, o r,,, due to Hinge 1 is expressed
as,

aACL’(l)//aFlm

Crio Fuw = | 0AYLJOF L, (5.151)

aAO{})//aFMn

where the partial derivative terms in Equation 5.151 are derived as follows:

From Equations 5.90 , 5.97 and 5.105, A«j-, Ayi- and Azj-displacements are,

Ao,
M,

Aa% = |i ‘| {_Fo’xl4 —+ Fo’y (ll + Rl) + Mo/z - Flin <l5 + Rl)}
1

A
Ay% = |:Fy:| (Foly — th) —|— |:
1

Y

Ao,
M,

:| (_Fo’xl4 + Fo’yll + Mo’z - Flinl5) Rl
1

Azx
1 F |,

The Aaj-, Ayi- and Azi-compliances of Hinge 1 caused by F;,, are obtained by
taking the partial derivatives of Aaj, Ay; and Az} with respect to the input force
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Fi;, acting at Point 1,, (see Figure 5.12),

OAaq

Ao,
oF. = —(ls+ Ry) { VA ]1 (5.152)
OAy} B Ay Aa,
oF,. {E 1 (IsRy) i, (5.153)
OAx]
— 154
oF.. 0 (5.154)

The A« -displacement is the same as Aaj-displacement. Therefore, the results
of the partial derivatives with respect to Fj;, are the same as Equation 5.152.

8A04(1)/

1
OF.., (5.155)

M.

From Equations 5.101 and 5.109, the Ay.,- and Az} -displacements are,

Ayl = Ayl +Aall

A(%(l)/ - Ax% - Aa;l)/ l4

The Ay},- and Az},-compliances of Hinge 1 caused by Fj;,, are obtained by taking
the partial derivatives of Ay}, and Az, with respect to the input force, Fy;, acting

at Point 1,,,

0Ayy _ 02y} 9Mal,
8-Fll'in B a-F717,n aFIzn !

- UL e 5] e eem 5] 1)

_ {%L _ {(1531 +10 (s + R)) ﬁ;‘} 1} (5.156)

Y
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IAx}, dAx1  0AQl,

8Fvlin aFjlzn 8Fvlm !
Aa,
— _{—(Z5+R1) {MZ }114}

Aa,
- 14(15+R1)[A;]
z 1

(5.157)

By substituting Equations 5.155, 5.156 and 5.157 into Equation 5.151, Cy, ¢ ¥,,, can
be found.

The compliance matrix at Point o, Cy,0,r,,,1S,

CrLioFim = TaCLyo/ Fyn (5.158)

5.2.2.2 Derivation of C,x,, , Cor,, and C,r,,,

The output displacement of Link 1, Dy, r,,, at Point o due to input force Fy;,, is,

DLIO,Flin = CL10,F1inFlin (5159)

By using Equation 5.141, the output displacement of Link 1, Dy,,, ¢, at Point o due
to output force F, is,

Di,or, = CrioF.Fo (5.160)

By equating Equations 5.159 and 5.160, the equivalent output force Fy, o eqv at
Point o when F};,, = 1IN (unit force) can be calculated as below, where Fy,,6 eqv =
F, in Equation 5.160,

Frioeqv = [CLlo,Fo]_l CrLio0Fin (5.161)

By multiplying the equivalent output force F, o eqv to Co k., the output displace-
ment of the 3-RRR compliant stage caused by F};,, from Link 1 can be found. Since
a unit force of Fi;, is used to calculate the equivalent output force, the output dis-
placement obtained can also represent the output compliance of the stage caused
by Fiin:

CO,Flin = Do,Flin = Cjo,Fo]:?Llo,eqv (5162)

Since Links 2 and 3 are orientated by -120° and 120° from Link 1, C, y,,, and C, g, ,
can be found as shown below,
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CO,inn = r-[‘727r/3Co,F1in (5163)

C07F3in = T27T/3CO,F1in (5164)

By substituting Equations 5.162, 5.163 and 5.164 into Equation 5.150, the compli-
ance matrix C, r,, of the 3-RRR stage can be obtained.

And C;, 7, is the transpose of C, r,, and can be obtained as below,

Cinr, = [Cory)’ (5.165)

5.2.3 Derivation of the compliance matrix,  Ci,r,,

The compliance matrix which relates the input displacements at Points 1,,, 2;, and
3:in to input forces Fi;y,, Foipn and Fyy, is,

(5.166)

Cin’Fin - CinyFlin Cin7F2in CinyFBin

where Ci, r,, is a 3x3 matrix, Cin r,,,, CinF,,,, and Cin r,,,, are 3x1 matrices.

The input displacements, Dj, r,,, due to input force Fi;, can be calculated as
below, where C;,, r, is obtained from Equation 5.165 and Fy,, 4 ¢qv is Obtained from
Equation 5.161. Note that Fr,,eqv is the equivalent force calculated at Point o
when input force Fy;, is applied at Link 1. Since a unit force of Fi;, is used to
obtain the equivalent output force, the input displacements D;, r,,, obtained can
also represents the input compliances of the stage caused by Fj;,:

CinFin = Dinry,

Utin,Fiin

U2in, Fyip = Cin,FoFLlo,eqv (5167)

U3in,Fiin,

where w1y, ;) U2in, Py, and ugi, gy, are displacements at Points 1,,, 2, and 3;, (see
Figure 5.10) of the 3-RRR stage due to F};y,.

Similarly for Links 2 and 3,
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Cin7F2in = DinvFZin

Ulin,Foin

U2in, Foiy, = Cin,FoFqueqv (5168)

U3in, Fan

FLzo,eqv = T—27r/3FL1 o,eqv

where w1y, Uin, By, aNd Usin gy, are displacements at the three input points of
the 3-RRR stage due to Fy;,,

CinaF3in = DinyFBin

Ulin, Fain

uQin,ngn = Cin7FoF307qu (5.169)

u3in7F3in

FLgo,eqv = T27r/3FL10,eqv

where wy, py;,,, Uin, By, and us;y, gy, are displacements at the three input points of
the 3-RRR stage due to Fi;,.
By substituting Equations 5.167, 5.168 and 5.169 into Equation 5.166, compliance

matrix Ci, r,, can be obtained.
5.2.4 The Jacobian matrix of 3-RRR micro-motion stages
The relationship between the input and output displacements can be derived from

Equation 5.87 for a given F,,. For example, when there is no external force, F, = 0,
and therefore,

Uo = Co,FinFin (5170)

Fin = Cok, Us (5.171)
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and,

Uin = Cinr, Fin (5.172)

Fin = Ci'p, Uin (5.173)

By equating Equation 5.171 and Equation 5.173,

U, = Cor,,Cinr, Uin (5.174)
A constant Jacobian matrix is used in this thesis (as explained in Section 4.2) to
relate the output displacements (U,) to the input displacements (U;,) of the com-
pliant mechanisms; therefore the Jacobian matrix is defined as below,

J=Cor, Cil (5.175)

in,F;,

5.2.5 Case studies of the 3-RRR compliant micro-motion
stage

For comparison purposes, the 3-RRR compliant micro-motion stage studied in this
section is the same as that in Chapter 4. Material properties, link lengths and
flexure hinge dimensions of the mechanism are shown in Table 5.5.

Two cases were studied where analytical matrices of the kinetostatic models of
Case 1 were calculated by deliberately choosing the flexure hinge equations with
large differences when compared to FEA results (refer to Figures 3.12-3.14). Mean-
while, analytical matrices of Case 2 were obtained by choosing the flexure hinge
equations with small differences (refer to Figures 3.12-3.14 and Table 3.9). Table 5.6
shows the flexure hinge equations chosen from various published research studies
for Cases 1 and 2 respectively. Table 5.7 shows the analytical results of Cases 1 and

2 respectively.

5.2.5.1 Discussion

It can be observed in Table 5.7 that the off-diagonal terms of the compliance ma-
trix, C, r, are zero. This is expected as the 3-RRR compliant stage has a Remote-
Centre-of-Compliance (RCC) configuration and deformations occur only along the
direction of the applied force/moment (Kim et al., 2000). The 3-RRR stage was
designed to have a somewhat decoupled characteristic where the input displace-
ments of one link have small effects on the input displacements of the other links.
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This characteristic can be observed in Ci, r,,. The off-diagonal terms of C;, r,, are
approximately a factor of 8 smaller than its diagonal terms. It can also be observed
that the analytical results of Cases 1 and 2 are noticeably different except for the Ja-
cobian matrix. This is because the Jacobian matrix represents the kinematics of the
micro-motion structures; therefore it is almost independent of the compliances or
stiffnesses of flexure hinges. The choice of flexure hinge equations used to calcu-
late the analytical results has minimal effects on the results of the Jacobian matrix.

The differences of results of Cases 1 and 2 suggest that the choice of flexure
hinge compliance equations affects the results of the kinetostatic model. Since
the kinetostatic model is derived to have flexure hinge compliances as one of the
variables, flexure hinge equations with small errors can be selected based on the
scheme developed in Chapter 3 in order to obtain an accurate kinetostatic model.
The modelling results of Cases 1 and 2 will be compared to the FEA and experi-

mental results in Chapters 6 and 7 respectively in order to verify their accuracies.
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Material properties
E 71.7 GPa

Poisson’s ratio, v 0.33

Link length ll 12 13 l4 l5 l6
(mm) 47912217 | 0|30 | 4 |12

Flexure hinge tl tz t3 Rl R2 R3 tl/Rl tQ/RQ t3/R3 b
084070511187 | 3 | 0764 | 0.374 | 0.167 | 12.7

(mm)

Table 5.5: Material properties, link lengths and flexure hinge dimensions of the

3-RRR compliant micro-motion stage
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5.2. Kinetostatic modelling of 3-RRR micro-motion stages
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Case 1 Analytical results
Cor, 10.104 0 0
(um/N, prad/N 0 10.104 0
um/Nm, prad/Nm) 0 0 23960
0.775 0.222  —0.998
Canin
0.705  —1.024  0.319
(um/N, prad/N)
—29.789 —29.789 —29.789
0.146 —0.017 —0.017
Cin,Fin
—0.017 0.146 —0.017
(um/N)
—0.017 —0.017 0.146
4.758 1.367 —6.125
Janalytical 4.326 —6.284 1.958
—268.114 —268.114 —268.114
Case 2 Analytical results
Cor, 12.250 0 0
(um/N, prad/N 0 12.250 0
pm/Nm, prad/Nm) 0 0 27402
0.948 0.267  —1.215
CO,Fin

0.856 —1.249  0.393
—34.297 —34.297 —34.297
0.176 —0.024 —-0.024

(um/N, prad/N)

Cin,Filrl
—0.024 0.176 —0.024
(pm/N)
—0.024 —0.024 0.176
4.746 1.338 —6.083
Janalytical 4.284 —6.252 1.968

—266.328 —266.328 —266.328

Table 5.7: Case studies - Analytical matrices of the kinetostatic model of the 3-RRR
micro-motion stage
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5.3 Concluding remarks

The kinetostatic results (both compliance and Jacobian matrices) of the four-bar
and the 3-RRR compliant micro-motion stages for Cases 1 and 2 are noticeably
different except for some of the terms in the Jacobian matrices. The Jacobian matrix
represents the kinematics of the micro-motion structures; therefore the accuracies
of flexure hinge compliance equations are expected to have minimal effects on the
results of the Jacobian matrix.

The differences between the compliance results of Cases 1 and 2 a) show the in-
fluences of the choice of flexure hinge compliance equations on the accuracy of the
kinetostatic models, and also b) highlight the advantage of the closed-form kine-
tostatic model (with flexure hinge compliance equations as one of the variables
in the equations) where the most suitable flexure hinge equations can be used to
calculate the kinetostatics of compliant mechanisms accurately. The kinetostatic
results of Cases 1 and 2 will be compared to the FEA and experimental results in

Chapters 6 and 7 respectively in order to verify their accuracies.



CHAPTER 06

Finite Element Analysis

In Chapter 4, the kinematics of the four-bar and the 3-RRR compliant micro-motion
stages were modelled using the PRBM method and the loop-closure theory. In
Chapter 5, the kinetostatics of the two micro-motion stages were derived. In or-
der to verify the accuracies of the kinematic and the kinetostatic models, two-
dimensional finite-element-analysis (FEA) models of these compliant stages were
generated using ANSYS for comparison purposes. This chapter presents the FEA
modelling techniques for both the four-bar compliant mechanism and the 3-RRR
compliant micro-motion stage using ANSYS. The results of the comparison be-
tween the Jacobian matrix obtained using the PRBM method and the FEA model
are presented. The results of the comparison between the compliance and Joco-
bian matrices obtained using the kinetostatic model and the FEA model are also

presented.

6.1 FEA modelling of micro-motion stages

FEA models of the micro-motion stages were generated using ANSYS. Similar to
the FEA modelling technique in Chapter 3, the micro-motion stages were gener-
ated using 8-node, two-dimensional, plane elements (PLANES2) with two-DOF
on each node. The DOF are the translations in the nodal x and y directions. Thick-
nesses of the models were taken into account by using the plane stress element
type with thickness option. To ensure that the mesh size was fine enough es-
pecially near the flexure hinge locations, a number of analyses were carried out

where different mesh sizes were used. The output was checked each time the

129
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mesh size was decreased. When a consistent output was obtained, it implied that

the mesh was fine enough. When nodal displacements were measured from the

same node which forces are applied, pressures were applied on a line instead to

avoid inaccuracy of results associated with singularities on the nodes.

6.1.1 FEA modelling of the four-bar micro-motion stage

Meshes and constraints of the FEA model of the four-bar compliant stage are

shown in Figure 6.1. The following procedures were carried out to obtain the com-

pliance and Jacobian matrices of the stage:

1.

To obtain the compliant matrix C, r, of the stage, a point force F}, was ap-
plied at a distance from Point o but along the same line of action as force
Fi; (see Figure 6.1). Pressure F,,, which is equivalent to a unit point force
F,,, was applied on a line as shown in Figure 6.1. The corresponding nodal
deformations (Azx,, Ay, , Aa,) at Point o were measured after these forces/
pressures were applied. In order to obtain the compliances corresponding to
a unit moment, two equal but opposite forces, F,, were applied as shown.
Rotational deformations (Ac,) can not be measured directly from the node
at Point o because the nodes of PLANES2 elements do not have a rotational
DOF. However, Aa, can be easily calculated using the similar method as pre-
sented in Chapter 3.

. To obtain the compliance matrix C, 5, of the stage, pressure F;,, which is

equivalent to a unit input force, was applied on the line where Point 1;,, was
located as shown in Figure 6.3, and the corresponding nodal deformations
(Azx,, Ay, , Aa,) at Point o were measured.

. To obtain the compliance matrix Cj, r, of the stage, unit point forces were

applied at Point 0 and the corresponding nodal deformation (U;,,) at Point 1;,
was measured. Moment was applied using two equal but opposite forces,
F,.

To obtain the compliance matrix C;, ,, of the stage, pressure F;,, which is
equivalent to a unit input force F;,,, was applied on the line where Point 1,,
was located, and the corresponding nodal deformations at this point was

measured.

. To obtain the Jacobian matrix, a pressure F;,, was applied on the line where

Point 1;, was located. The corresponding input displacement (U;,) at Point
1,, and the output displacements (Ax,, Ay, , Aa,) at Point o were measured.
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Z-axis 1S ®
Foy out of page
A
Ay,
M |
-l \\\\\\\\\!///I/!( Ax,
Point o ’ Fox

Point 1,

Nodes are constrained to have zero
displacement at all directions

(a) F7, is applied away (b) P,y is applied ona (c) Two equal but oppo-

from Point o, along the line whichisequivalent site forces F;,, are applied

same line of action as F,,, to a unit force, Fy,, which are equivalent to a
unit moment, M,

Figure 6.1: The FEA model of the four-bar compliant micro-motion stage

The Jacobian matrix was obtained where the output displacements were di-
vided by the input displacement,

AJJO/Um

JFrEA 4bar = | Ay, [Uin

AO&O/Um

Figure 6.2 shows the deformation results of the four-bar compliant mechanism.
The FEA results show relatively insignificant link deformations for the loading
case along the x-direction. The degree-of-freedom of the four-bar compliant struc-
ture was along the x-direction; therefore the four-bar structure was expected to
have lower structural stiffness along this direction compared to that along the y-
and about the z-directions. The four-bar compliant mechanism was considered
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FEA results
Co . 1.904 0 0.904
(um/N, prad/N 0 4909 0
pm/Nm, prad/Nm) -0911 0 1129
0.961
CO7Fin
0
(um/N, prad/N)
—0.252
Cin.F,
i 0.459
(um/N)
2.07
JrEA 0
—0.62

Table 6.1: FEA compliance and Jacobian matrices of the four-bar compliant mech-
anism (with rigid-link deformations)

as a non over-constrained structure for the loading case along the x-direction and
most of the deformations occurred at flexure hinges instead of links.

It was observed in Figure 6.2b that the FEA predicted significant deformations
of the link for the loading case along the y-direction. The four-bar compliant struc-
ture was considered as an over-constrained structure for this loading case because
the structural stiffness along the y-direction was large and significant link defor-
mations were observed.

Some local deformations of the FEA mesh were observed when moments were
applied (Figure 6.2c). Nodal deformations at the nodes where F,, was applied
were not used for the calculation of the rotational deformations, A, in order to
avoid modelling inaccuracies due to the local deformations. Nodal deformations
of nodes as shown in Figure 6.2c were measured and these nodal deformations
were used instead to calculate the rotational deformations of the four-bar compli-
ant mechanism.

Table 6.1 shows the FEA results of the four-bar compliant mechanism.

6.1.1.1 Comparison of analytical results with ANSYS

The Jacobian matrix obtained using the PRBM method in Chapter 4, the analytical
compliance and Jacobian matrices of Cases 1 and 2 obtained in Chapter 5 were
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(@) Loading along the
x-direction

(b) Loading along the y-
direction

m

Local deformations

F

m

/

Nodal deformations i = : :
were measured ‘ |
at these nodes

|-

(c) Loading about the z-direction

Figure 6.2: ANSYS results of structural deformations of the four-bar compliant
mechanism
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compared to the ANSYS results. Table 6.2 shows the differences of the kinetostatic
results of Cases 1 and 2, and the Jacobian results derived using the PRBM method
when compared to the FEA results.
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6.1.1.2 Discussion

From Table 6.2, it is observed that the differences of the compliance terms (along
the y-direction) in C, r, for both Cases 1 and 2 are large (99.7% different) when
compared to the FEA results. This is because the kinetostatic model derived in
this thesis assumes that no deformations occur at rigid-links. However, rigid-link
deformations are observed from the ANSYS results for the loading case along the
y-direction of the four-bar compliant mechanism (see Figure 6.2b). The differences
between the FEA and analytical compliances along the y-direction are attributed
to the unmodelled rigid-link deformations in the kinetostatic model. To support
the above statement, an investigation was carried out where rigid-links were mod-
elled to have high stiffness in the ANSYS model by increasing the Young’s modu-
lus of the material. Pressures were once applied as shown in Figure 6.1b and the
corresponding nodal deformations, Ay, at Point o were measured. The new cal-
culated FEA compliance along the y-direction is 0.011 pum/N. Table 6.3 shows the
results of the comparison between the FEA determined compliance (obtained by
modelling links to have high stiffnesses) and the analytical compliances of Cases
1 and 2. It is observed from Table 6.3 that the differences of the compliance along
the y-direction are reduced from 99.7% (see Table 6.2) to 30.3% (see Table 6.3) for
Case 1, and from 99.7% (see Table 6.2) to 11% (see Table 6.3) for Case 2. The results
of Case 2 are closer to the FEA results compared to that of Case 1 because the flex-
ure hinge compliance equations used to calculate the kinetostatic results of Case
2 are closer to the FEA results than that of Case 1. Results in Table 6.3 show that
the derived kinetostatic results (Case 2) are in close agreement to the FEA results
when the deformations of rigid-links of compliant mechanisms are insignificant.

By observing the kinetostatic results of Cases 1 and 2 in Table 6.2 (for the re-
sults of C, ¥, and Cj, r,,) and Table 6.3 (for the results of C, r,) of the four-bar
compliant micro-motion stage, it can be noted that the differences of compliance
matrices, Co r,, Cor,, and Cj, r,, are significantly reduced for Case 2. The aver-
age absolute difference of C, g, is reduced from 32% to 9.2%. The average absolute
difference of C, ,, is reduced from 35.2% to 6.1%. The difference of C;, ¥, is re-
duced from 38.3% to 4.5%. These results show that the flexure hinge compliance
equations affect the results of the kinetostatic models. The kinetostatic results are
closer to the FEA results when flexure hinge compliance equations which have
small differences when compared to the FEA results (Case 2) are used compared
to if hinge equations which have large differences (Case 1) are used. The results of
comparisons also highlight the advantage of the derived closed-form kinetostatic

model with flexure hinge compliances as one of the variables in the equation. The
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Kinetostatic model - Case 1

Analytical results % diff. compared to FEA

Cor, 114 0  —1.18 —401 —— 30.1
(um/N, prad/N 0  0.015 0 - 303 ——
jim/Nm, prad/Nm) 118 0 147.04 291  —— 30.2

Kinetostatic model - Case 2

Analytical results % diff. compared to FEA

1.92 0 —0.81 1.0 —— 110
0 0.01 0 —— -11.0 —-
—-0.81 0 100.62 120 —— —-11.0

Table 6.3: Analytical compliance results of the four-bar compliant mechanism and
their differences compared to FEA results (links are modelled to have high stiffness
in the FEA model)

most suitable flexure hinge equations can be chosen using the scheme developed
in Chapter 3 in order to obtain an accurate kinetostatic model of compliant mech-
anisms.

The differences of the Ax, term in the Jacobian matrices of Cases 1 and 2 are
similar. This is because the Jacobian matrix represents the kinematics of the micro-
motion structures; therefore it is almost independent to the compliances or stiff-
nesses of flexure hinges. The choice of flexure hinge equations used to calculate
the analytical results has minimal effects on the results of the Jacobian matrix. The
choice of the flexure hinge equations influence the A, term in the Jacobian matrix
by a very small amount, which is 0.75 prad/pwm and this influence on the A« term
is insignificant.

The Jacobian matrix of the four-bar compliant mechanism obtained from the
kinetostatic models are closer to the FEA determined Jacobian than that of the
Jacobian derived using the PRBM method in this thesis (see Table 6.2). This is
expected as the Jacobian obtained from the kinetostatic model considers flexure
hinges to have three-DOF while the kinematics derived using the PRBM in this
thesis models flexure hinges to have only one-DOF. It can be observed in Table 6.2
that the PRBM method produces larger predictions of motions compared to the
FEA and the kinetostatic results. The PRBM Jacobian does not provide the predic-
tion of the Aa,-deformation of the four-bar compliant mechanism while the kine-
tostatic and FEA results show small Aa,-deformations in the Jacobian matrices.
This suggests that the PRBM method is not as accurate as the kinetostatic model
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when the Az- and Ay-deformations of flexure hinges are not incorporated into the
PRBM model. The PRBM could possibly provide an over estimation of motions of
compliant mechanisms. This is a disadvantage to researchers in design processes.
The PRBM method can be extended to model flexure hinges to have multi-DOF.
Pham et al. (2005) extended the PRBM method to include all six DOFs of flexure
hinges in the kinematic model of a 3-RRR compliant mechanism. This extended
modelling method is named the PRB-D method. However, there are 42 variables
which require 42 equations to solve. It is possible to model flexure hinges to have
only three-DOF using the PRBM method; however the method could still produce
a large number of variables to be solved. Unlike the kinetostatic model derived in
this thesis, the kinetostatic model is a simple closed-form model and it does not

require extensive computational loads.

6.1.2 FEA modelling of the 3-RRR micro-motion stage

Meshes and constraints of the FEA model of the 3-RRR micro-motion stage are
shown in Figure 6.3. The following procedures were carried out to obtain the com-

pliance and Jacobian matrices of the stage:

1. To obtain the compliance matrix C, r, of the stage, forces F};, and F};, were
applied at a distance from Point o but along the same lines of action as F,,
and F,, (see Figure 6.3). The corresponding nodal deformations (Azx,, Ay,
, Aa,) at Point 0 were measured. In order to obtain the compliances corre-
sponding to a unit moment, two equal but opposite forces, F},, were applied
as shown. Rotational deformation (Ac,) could not be measured directly from
the node at Point o because the nodes of the element type PLANES2 do not
have a rotational DOF. However, A, can be easily calculated using the sim-
ilar method as presented in Chapter 3.

2. To obtain the compliance matrix C, r,, of the stage, pressures (Pi, Pain, Psin)
corresponding to unit input forces were applied on lines where Points 1;,,,
2i,, and 3;,, were located as shown in Figure 6.3, and the corresponding nodal

deformations (Az,, Ay, , Aa,) at Point o were measured.

3. To obtain the compliance matrix C;, r, of the stage, unit input forces were
applied at Point o and the corresponding nodal deformations (w1, %2in, U3in)
at Points 1,,, 2,, and 3;, were measured. Moment was applied using two

equal but opposite forces, F,.

4. To obtain the compliance matrix C;, r,, of the stage, pressures (Pii, Pain,
Ps;,,) corresponding to unit input forces were applied on lines where Points
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Lin, 2in and 3;, were located, and the corresponding nodal deformations at

these points were measured.

5. To obtain the Jacobian matrix, pressures (Pi;,, Pain, Psin) Were applied in-

dependently on lines where Points 1;,, 2;,, and 3;, were located. The corre-

sponding input displacements (w1, U2in, usin) at Points 1;,, 2, and 3;,, and

the output displacement (Ax,, Ay, , Aw,) at Point 0 were measured. The Ja-

cobian matrix was obtained where the output displacements were divided

by the input displacements.

For example, when u;;, was applied at Point 1,,,

Aq,

JrEAL,

JFEA,

JFEAs

JrEAL,
JrEAy,

JrEAg

Axo/ulin

Ayo/ulin

AOéo/ulm

JFEA;,
JFE Ay,

JFEAqy

JFEA;;
JFE Ay

JFE A

JrEA;, Ulin
JFEAy Ulin

JFEAs Ulin

where Jrg Ay (i=j=1,2,3) are the row and column components of the FEA

determined Jacobian matrix, Jrg4.

Unlike the four-bar compliant mechanism, the 3-RRR compliant stage is a non

over-constrained structure for all loading cases. The rigid-link deformations are

insignificant and cannot be observed from the FEA results. Therefore, the results

of the kinetostatic model are expected to be in close agreement to the FEA results.

Table 6.4 shows the results of the compliance and Jacobian matrices of the micro-

motion stage. Since Ciy, r, is the transpose of C, , , the results of Cj, g, are not

repeated in Table 6.4.

6.1.2.1 Comparison of analytical results with FEA

The Jacobian results derived using the PRBM method in Chapter 4 and the results
of kinetostatic models of Cases 1 and 2 obtained in Chapter 5 were compared to
the FEA results. Table 6.5 shows the differences when compared to FEA results.
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FEA results
Cor, 11.498 0 0
(um/N, prad/N 0 11.476 0
um/Nm, prad/Nm) 0 0 27966
0.879 0.257 —1.136
CO,Fin
0.803 —1.162 0.357
(um/N, yrad/N)
—32.141 —-32.245 —-32.115
0.182 —0.024 —-0.024
Cin,Fin
—0.024 0.182 —0.024
(um/N)
—0.024 —-0.024 0.182
4.259 1.250 —5.499
JrEA 3.897 —5.645 1.734

—240.768 —241.315 —240.481

Table 6.4: FEA compliance and Jacobian matrices of the 3-RRR micro-motion stage
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6.1.2.2 Discussion

It is noted that the differences of compliance matrices, Cor,, Cor,, and Ci, r,,
are significantly reduced for Case 2. The average absolute difference of C, r,is
reduced from 12.9% to 5%. The average absolute difference of C, p, is reduced
from 10.5% to 7%. The absolute difference of C;, r,, is reduced from 24% to 3.1%.
These results show that the choice of the flexure hinge compliance equations af-
fects the results of the kinetostatic models. The kinetostatic results are closer to
the FEA results when flexure hinge compliance equations which have small dif-
ferences (when compared to FEA results) are used compared to that if hinge equa-
tions with large differences (Case 1) are used. The results of comparisons also
highlight the advantage of the derived closed-form kinetostatic model where the
accuracy of the kinetostatic model can be improved by choosing the suitable flex-
ure hinge equations using the scheme developed in Chapter 3.

The small differences of the kinetostatic model in Case 2 are attributed to the
assumption made in deriving the kinetostatic model. The kinetostatic model as-
sumes that the deformations of rigid-links of the micro-motion stage is small and
can be ignored. Although the rigid-link deformations of the 3-RRR micro-motion
stage are insignificant, the small differences between the kinetostatic results and
the FEA results can be attributed to these unmodelled rigid-link deformations in
the kinetostatic model.

The differences of the Jacobian results are also reduced slightly but not as much
as the compliance matrices. This is because the Jacobian matrix represents the
kinematics of the micro-motion structures. The choice of flexure hinge equations
used to calculate the analytical results has minimal effects on the results of the
Jacobian matrix. Nevertheless, the overall accuracy of the analytical kinetostatic
results are improved significantly, especially for the compliance matrices when the
suitable flexure hinge equations are used (Case 2). This highlights the advantage
of the derived closed-form kinetostatic model with flexure hinge compliances as
one of the variables in the equations and the significances of the developed scheme
in Chapter 3.

The Jacobian matrix obtained from the kinetostatic model is also compared to
the Jacobian matrix obtained using the PRBM method. The Jacobian matrices of
the 3-RRR compliant stage obtained from the kinetostatic models are more accu-
rate than that of the Jacobian derived using the PRBM method especially for the
rotational terms in the matrix (see Table 6.5). This is expected as the Jacobian re-
sults obtained from the kinetostatic model consider flexure hinges to have three-
DOF while the PRBM derived in this thesis models flexure hinges to have only
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one-DOF. It can be observed in Table 6.5 that the PRBM Jacobian predicts much
larger Aa,-deformations compared to that of the FEA and the kinetostatic models.
This suggests that the PRBM, which models flexure hinges to have only one-DOF,
could possibly provides an over estimation of motions of compliant mechanisms
which is a disadvantage to researchers during design phases. It is possible to ex-
tend the PRBM method to model flexure hinges to have multi-DOF as mentioned
in Section 6.1.1.2. However, the extended PRBM method could produce a large
number of variables to be solved, which require extensive computational effort.
On the other hand, the kinetostatic model derived in this thesis is a simple closed-

form model and it does not require extensive computational effort.

6.2 Concluding remarks

It was found that the kinetostatic results of Case 2 were closer to the FEA results
than that of Case 1 especially for the compliance matrices. These results showed
that the accuracy of the flexure hinge compliance equations had some effects on
the accuracy of the kinetostatic models. The results also indicated the importance
of the selection of flexure hinge compliance equations when calculating the kine-
tostatics of compliant micro-motion stages. The work presented in this chapter
highlights a) the significances of the scheme developed in Chapter 3, and b) the
advantage of the derived closed-form kinetostatic model with flexure hinge com-
pliances as one of the variables in the equation.

For the four-bar compliant mechanism, the differences of the compliance matri-
ces obtained from the kinetostatic model (Case2) was within 12% when compared
to the FEA results. The differences between the Jacobian matrix obtained from the
kinetostatic model was within 4% for the translational motion Az, and was within
15% for the rotational motion A«, when compared to the FEA results. For the 3-
RRR micro-motion stage, the differences of the compliance matrices obtained from
the kinetostatic model (Case2) was within 10% when compared to the FEA results.
The differences of the Jacobian matrix obtained from the kinetostatic model was
within 11% when compared to the FEA results. These differences are mainly at-
tributed to the unmodelled rigid-link deformations in the kinetostatic models.

The developed kinetostatic model in this thesis is advantageous over the FEA
model. The kinetostatic model is derived in closed-form equations to estimate
the kinematics and statics of compliant mechanisms; therefore FEA software is
not required. Also, designs of micro-motion stages can be analysed quickly by
changing the parameters in the analytical model. FEA models, on the other hand,
require each individual design to be modelled and meshed separately using FEA
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software (such as ANSYS) and the modelling process could be time consuming.

Furthermore, commercial FEA modelling software may be expensive.



CHAPTER [

Experimental Validation of the Kinetostatic and FEA
Models

Experiments were conducted to measure the compliances and the Jacobian of the
3-RRR micro-motion stage. The experimentally determined compliance and Jaco-
bian results were used to verify the accuracy of the analytical and FEA models
presented in the previous chapters. The differences between the experimental,

FEA and analytical results are presented and discussed in this chapter.

The experimentally determined compliance matrices of C, x,,, Co r,, and Jexp
matrix are presented. However the compliance matrix of Cj, r,, could not be mea-
sured due to the limitations of the experimental setup; therefore this result is not
presented. Although the analytical C;, ,, results could not be verified experimen-

tally, the analytical results were verified with FEA results in Chapter 6.

The FEA results of C, r,, Cor,, and J matrices were also compared with the
experimental results. Although the accuracy of the FEA determined C;, r,, could
not be verified experimentally, it was expected that the order of accuracy of the
FEA determined C;, r,, was approximately the same as the FEA determined C, r,,
Cor,, and J matrices because the FEA modelling concept of determining these

matrices was the same.

147
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7.1 Experimentally determined compliance matrix,
CO,FO

The experimental setup of the compliance measurements is shown in Figure 7.1.
Aluminium targets were mounted to the end-effector as shown in Figure 7.1. Three
eddy-current sensors were mounted on the translation stages. The translation
stages are used to position the sensors to their corresponding measurement ranges
from the aluminium targets. The voltage signals of eddy-current sensors were
recorded using a dSPACE DS1104 DSP controller board via the inbuilt analog-to-
digital converters (ADCs).

Weights of 20, 50, 100 and 200g were hung on the stage along its x and y axes to
provide the corresponding loading forces. To apply moments, a loading rod was
mounted to the end-effector and weights were hung on the loading rod with a dis-
tance of 15 mm from the centre of the end-effector (see Figure 7.1b). When weights
were applied, the corresponding voltage signals of the eddy-current sensors were
recorded and converted to displacements according to their sensitivities (see Ap-
pendix A for sensor calibrations). The translational displacements, Az, and Ay,,
and the rotational displacements Ac, of the end-effector were calculated from the
displacements measured by the three eddy-current sensors.

The measured displacement Ay, (when moments were applied via the loading
rod) consists of a displacement component caused by forces, F,, = Fy and a dis-
placement component caused by moments, M,, = Fy x [ where Fyy is the force
applied via the hanging weights (see Figure 7.2) and [ = 15mm. In order to obtain
the Ay,-displacement which was only caused by }M,,., the displacement caused by
F,, was subtracted as shown in the equation below.

Ayo,MOZ = AyT - Ayo,Foy (71)

where Ay, a0, is the displacement due to M,., Ay, roy is the displacement due to
F,, (measured when weights were applied at the centre of the end-effector) and
Ayr is the total displacement measured when weights are applied at a distance [
from the centre of the end-effector.

Graphs of displacements versus forces or moments were plotted and the slopes
of these graphs were obtained. There are a total of nine groups of graphs where
each group of graphs represent each entry in the compliance matrix C, .. There
are a total of sixty sets of measurements in each group, providing a reasonable

sample size to ensure the consistency of the experimental results. Figure 7.3 shows
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the histogram of the measurement data of each entry of the C, y, matrix together

with the means and standard deviations.

7.1.1 Discussion

It can be observed in Figure 7.3 that the measurement data of C, r,,,, C, ro,, and
Co,Foss are normally distributed with small standard deviations (o). The maximum
deviation (20 /mean) of the measurement from the mean value is 2%. This shows
the consistency of the experimental data. The experimental results show that the
compliances at the x- (C, p,,,) and y-axis (C, r,,,) are almost identical. This is ex-

pected because the 3-RRR compliant mechanism has a symmetrical topology.

The non-diagonal results are not normally distributed. This is because the com-
pliances of the non-diagonal terms are very small. The 3-RRR micro-motion stage
is a RCC device where deformations occur only along the direction of the applied
forces/moments. Deformations at the non-loading directions are very small and
the voltage signals that are recorded by the sensor are not accurate partly due to
the limitation of the sensor resolutions. The maximum recorded voltage signal
when measuring the deformations at the non-loading directions of the stage was
within 1.1 mV which was less than the resolution of the eddy-current sensors (ap-
proximately 1.8mV). Therefore, it was most likely that random signal noises were

recorded instead of the “actual” signals.

Since the compliances at the non-loading directions are very small, these com-
pliances are ignored. The experimentally determined output compliance matrix

is,

1312 0 0

[Coroleay=| 0 1295 0 (7.2)

0 0 28012

Analytical and FEA determined C, y, matrices were compared to the experi-
mental result of Equation 7.2 and the results of the comparisons are presented in
Section 7.4.
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(a) Measurement of the translational compliances
along the x- and y-axis

(b) Measurement of the rotational compliance about
the z-axis

Figure 7.1: Experimental setup - the measurement of the compliances, C, r,
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Figure 7.2: Equivalent forces/moment on the end-effector of the 3-RRR micro-
motion stage when moments were applied via the loading rod
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Figure 7.3: Histogram of the measurement data of C, g,
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7.2 Experimentally determined compliance matrix,
OaFin

The experimental setup of the compliance measurements of C, g, is shown in
Figure 7.4. Weights of 20, 50, 100 and 200g were hung at the input locations of the
stage as shown to provide the input forces. Three eddy-current sensors were used
to measure the translational motions (Az, and Ay,) along the x- and y-axis, and the
rotational motions (Ac,) about the z-axis. The sensors were positioned as shown
to measure the displacements of the targets. Similarly to the measurement of C, r,,
graphs of displacements versus forces or moments were plotted and the slope of
each graph was obtained. There are a total of nine groups of graphs where each
group of graphs represent each entry in the compliance matrix of C, g,,. There are
a total of sixty sets of measurements in each group, providing a reasonable sample
size to ensure the consistency of the experimental results. Figure 7.5 shows the
histogram of the measurement data of each entry of the C, r, matrix together

with the means and standard deviations.

7.2.1 Discussion

It can be observed in Figure 7.5 that the measurement data of all the terms in C, ¥,
are normally distributed with small standard deviations (¢). The maximum devi-
ation (20 /mean) of the measurement from the mean value is 3.8%. This shows the
consistency of the experimental data.

It can be noted that the first rotational compliance term of [C, ¥, ]| . is larger

than the rest of the two compliance terms. This does not match withpthe sym-
metrical characteristic of the micro-motion stage. An investigation was conducted
and a manufacturing error was found at the preload mechanism of the first link
(Handley, 2006). A diagram of the preload mechanism is shown in Figure 7.6. It
can be seen that this preload mechanism uses a grub screw to apply compressive
loads on the piezo-actuator to hold it in place. In order to measure the compli-
ances (Co r,,) of the micro-motion stage, weights were hung at the centre of the
threaded hole using a pin as shown in Figure 7.7. Unfortunately the location of
the threaded hole was mistakenly machined to have /5= 4.5 mm instead of 4 mm.
The distance of /5 for the first link is 0.5 mm larger than the second and the third
link. Therefore, the rotational compliance of the first link is larger than the rest of
the links due to larger amount of moments applied. In order to have a meaningful
comparison, the FEA and analytical models (except for C, y, which is not affected
by the location of the input forces) were modified to take the manufacturing error
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(b) Three eddy-current sensors were used to mea-
sure the displacements of the targets

Figure 7.4: Experimental setup of the measurement of C, r,,
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Figure 7.5: Histogram of the measurement data of C, g,

into considerations.

The experimentally determined compliance matrix C, g, is,

1.10

[CoFinley = | 1.01

0.28

—1.29

—1.30

0.41

—38.77 —32.95 —-31.24

-305 -30

(7.3)

Analytical and FEA determined C, r, matrices were compared to the experi-

mental result of Equation 7.3 and the results of the comparisons are presented in

Section 7.4.

7.3 Experimentally determined Jacobian matrix

The experimental technique presented by Handley (2006) was used to measure

the Jacobian matrix of the 3-RRR micro-motion stage. An experimental Jacobian
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NOTE: This figure is included on page 155 of the print copy of the
thesis held in the University of Adelaide Library

Figure 7.6: Preload mechanism — compressive load on the piezo-actuator (Handley,

2006)

Compliant
mechanism

Pin

Threaded
" hole

- J' -
* String

A

{a) Close-up photograph of (b} Schematic of the experimental
the experimental setup setup

Figure 7.7: Weights were hung at the input location of the micro-motion stage
using a pin
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NOTE: This figure is included on page 156 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 7.8: Closed-loop PI controller using strain gauge feedback (Handley, 2006)

matrix of the same stage was presented in Handley’s thesis. The Jacobian was
remeasured in this thesis to ensure that the experimental results did not vary over time. A
more detailed experimental procedure than that of Handley (2006) is presented in this
thesis.

The input displacements of the 3-RRR micro-motion stage were provided by three
piezoelectric actuators. These three Tokin AE0505D16 stack actuators were assembled
into the compliant mechanism using three preload mechanisms. Compressive forces were
applied via a grub screw to hold the piezo-actuator in place (see Figure 7.6). A locked nut
was used to secure the grub screw and the piezoactuator.

The preload forces will ensure constant contact between the piezos and the compliant
mechanism during operations. Each piezo-actuator has a maximum elongation of
11.6£2um with a 100V input voltage. Each piezo-actuator was driven by a Physik
Instrumente (PI) amplifier, which provides a bipolar voltage ranging from -20V to 120V.
The amplifiers have a maximum output power of 30W. Measurement Group EA-06-
125TG-350 strain gauges were mounted to piezoactuators to measure their
displacements. A full-bridge arrangement was used so that the strain gauges were
temperature compensated. All strain gauges were connected to a strain gauge conditioner.
Strain gauges serve as displacement sensors to the system; therefore the piezo-actuators
could be controlled using closed-loop proportional-integral (P1) control. The closed-loop

control is shown in Figure 7.8.

7.3.1 Strain gauge calibrations
The procedures of calibrating strain gauges and the Jacobian are similar to that of

Handley (2006). Strain gauges were calibrated after they were assembled into the
compliant mechanism. A Philtec D20 fibre-optic sensor was used to calibrate these strain

gauges. A front surface mirror, which was the target of the fibre-optic
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Piezo-
actuators

Fibre-optic
sensor

Figure 7.9: Strain gauge calibration setup

sensor, was attached to the side of an input link as shown in Figure 7.9. The fibre-
optic sensor was positioned as shown to measure the displacement of the mirror.
The fibre-optic sensor was mounted on a NanoFlex™ translation stage which had
a travel range of 5 mm and a resolution of 50 nm. The translation stage was used
to position the fibre-optic sensor to its measurement range. The fibre-optic sensor
was aligned with the axis of the preload mechanism so that the displacements at
the point of force input were recorded. In order to check the alignment, the tip
of the fibre-optic sensor was positioned in the middle of the lock nut as shown in
Figure 7.10. As mentioned by Handley (2006), there are advantages of measuring
the displacement of the compliant input link rather than the length of change of
the piezo-actuator. The advantages are a) the measured Jacobian will give the rela-
tionship between the input link displacement and the end-effector displacements,
which is in accordance with the way the analytical Jacobian matrix was derived,
and b) any unmodelled compliance in the preload mechanism will not cause dis-

crepancies between the experimental and analytical results.

Each piezo-actuator was elongated by providing an increasing voltage from 0
to 100V. The output voltages of each strain gauge and their corresponding input
link displacements (measured by the fibre-optic sensor) were recorded. Graphs of
displacements against strain gauge voltages were plotted and linear lines were fit-
ted through the data points. Slopes of these graphs which represent the sensitivity
of the strain gauge were obtained. The average sensitivity of each strain gauge is
shown in Table 7.1.
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(a) Fibre-optic sensor is aligned
with the preload mechanism axis

Lock
Ball _—— nut

bearing Grub
screw

> f Fibre-optic
Magnet sensor tip
Compliant mechanism Preload

mechanism
axis

Mirror

Piezo-actuator

End Cap

(b) Schematic of the preload mechanism and the align-
ment of the fibre-optic sensor (Handley, 2006)

Figure 7.10: Alignment of the fibre-optic sensor with the axis of the preload mech-
anism

Sensitivity (um/V)
Strain gauge 1 0.8513
Strain gauge 2 0.7926
Strain gauge 3 0.8235

Table 7.1: Average sensitivities of strain gauges
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Figure 7.11: Experimental setup of measuring the Jacobian of the 3-RRR micro-
motion stage

7.3.2 Jacobian measurements

The output displacements (Ax,, Ay,, Aa,) of the end-effector were measured us-
ing the three eddy-current sensors as shown in Figure 7.11. Targets of the eddy-
current sensors were mounted to the end-effector. The three eddy-current sensors
were positioned as shown in the figure to measure the displacement of the targets.
The translational displacements, Az, and Ay,, and the rotational motions, Aa,
of the end-effector were calculated from displacements measured by the eddy-
current sensors. The piezo-actuator driver was connected to the dSPACE board
via the inbuilt digital-to-analog converters (DACs), while the strain gauge condi-
tioning circuitry and the eddy-current transducers were connected to the dSPACE
board via the inbuilt ADCs. A schematic of the experimental setup is shown in
Figure 7.12.

The piezo-actuator was extended one at a time by applying an increasing volt-
age from 0 to 100V. Displacements of the other two piezo-actuators were con-
strained to be zero. The displacements of the three piezo-actuators were con-
trolled using closed-loop PI feedback controllers constructed in Simulink, Matlab.
Output displacements of the end-effector (Ax,, Ay,, Aca,) were measured by the
three eddy-current sensors while each of the piezo-actuator was displaced (that is
the input displacement, w1y, , U2in, Usin) individually. Graphs of output displace-
ments versus input displacements were plotted and the slope of each graph was
obtained. There are a total of nine groups of graphs where each group of graphs
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NOTE: This figure is included on page 160 of the print copy of the thesis held in
the University of Adelaide Library.

Figure 7.12: Schematic of the experimental setup to measure the Jacobian (Lu et al.,
2004)

Eddycurrent sensor Sensitivity (um/V')

3316 10.264
3317 10.099
3338 10.184

Table 7.2: Sensitivities of the three eddycurrent sensors (0 to 10V)

represents each entry in the Jacobian matrix. There were a total of 150 sets of
measurement in each group, providing a good sample size to ensure the consistency of
the experimental results. Figure 7.13 shows the histogram together with the means and
standard deviations of the measurement data of each entry of the Jacobian matrix, Jexp.

7.3.2.1 Discussion

It can be observed in Figure 7.13 that some of the measurement data of the Je, terms
follow the trend of a normally distributed curve with small standard deviations (o). The
maximum deviation (2s/mean) of the measurement from the mean value is 0.8%. This

shows the consistency of the experimental data.
It can be seen in Figure 7.13 that the mean value of Jexp,, is smaller than Jexp,, and

Jexpgz - This was due to the manufacturing errors at the preload mechanism of the first

link. As mentioned in Section 7.2.1, the distance of Is for the first link is 0.5 mm larger
than the second and the third link. Therefore, the amplification ratio (output displacement
over input displacement) of the first link was smaller than the rest of the links. The slight
differences between Jexp,, and Jexp,, could be attributed to manufacturing errors and the

uneven preload applied on the piezoactuators.
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Figure 7.13: Histogram of the measurement data of Jexp,

7.3.3 Comparison of Jexp, results

A comparison was conducted between the experimental Jacobian matrix presented
in this thesis and that presented in Handley (2006). Table 7.3 shows the Jacobian
matrices and their differences relative to the measured Jacobian in this thesis. The
differences between the two Jacobian matrices are small (within 6.7%). The dif-
ferences could be attributed to a) the differences of room temperatures when ex-
periments were conducted, b) the differences of the calibrated strain gauge sensi-
tivities, and c) the differences in the alignment of sensors during the experimental
setup. The change of room temperature affects the measurement range of the sen-
sors (see Appendix A). The measurement range of the sensors decrease with the
increase of room temperature. If the measured voltages fall outside the measure-
ment range of the sensors, the sensitivities of the sensors will be different from
that shown in Table 7.2, which leads to the differences between the two measured
Jacobians. The differences of the strain gauge sensitivities could not be quantified
as there were not presented in Handley (2006). The distances between sensors and
the alignment of the sensors to their aluminium targets may be slightly different
from that of the experimental setup conducted by Handley (2006). The position-
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Jexp (this thesis) Jexp (Handley, 2006) % difference
3.76 1.49 —5.75 3.84 1.40 —5.62 2.1 —-6.0 -2.3
3.75 —5.83 1.94 3.87 —5.44 1.84 3.2 —6.7 —5.2
—-197.70 -210.39 -—-211.99 —199.77 —211.90 —209.42 1.0 07 -—-1.2

Table 7.3: Differences between the two experimental Jacobian matrices

ing and the alignment of sensors may contribute to the differences between the
two experimental Jacobians. The sample size of the Jacobian measurements were
not mentioned in Handley (2006); therefore the standard deviation and the consis-
tency of Handley’s results were unclear. Nevertheless, the two measured Jacobian
matrices were closed to each other especially for the rotational terms, Jeyps,, Jewpss
and Jep., -

7.4 Comparisons of analytical and FEA results with
experimental results

In order to facilitate a comparison with experimental results, the FEA and ana-
lytical models (except for C, g, which is not affected by the dimension [5) were
modified to take the manufacturing error into consideration. Table 7.4, 7.5 and 7.6
show the differences of the analytical and FEA results when compared to experi-
mental results.
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Experimentally determined C, r,
13.12 0 0
0 1295 0
0 0 28012
Kinetostatic Model FEA compliance
Case 1 Case 2
10.10 0 0 1225 0 0 11.50 0 0
0 10.10 0 0 12.25 0 0 11.48 0
0 0 23960 0 0 27402 0 0 27966

% difference compared to experimentally determined C, F,

—23.0

~6.6
—220 —— —
~14.5 —

—5.4

—2.2

—124 —— @ ——

—0.16

Table 7.4: Comparison of analytical and FEA results of C, y, with that of the ex-

periments
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Experimentally determined C, ,,
1.10 0.28 -1.30
1.01 —1.29 0.41
—38.77 —=32.95 —-31.24
Kinetostatic Model FEA compliance
Case 1 Case 2
0.85 0.22 -1.00 1.04 0.27 —1.22 0.96 0.26 —1.14
0.77 —1.2 0.32 0.94 —1.25 0.39 0.88 —1.16 0.36
—-32.72 -29.79 —-29.79 —37.65 —34.30 —-34.30 —35.24 —32.25 —-32.12
% difference compared to experimentally determined C, F,,
—22.6 —-20.6 —23.2 —-54 —47 —6.5 -124 —-83 —12.6
—-23.5 —-21.7 —-22.2 -71 =33 —41 -129 -10.0 -13.0
—-15.6 —-9.6 —46 -29 41 938 -91 =21 2.8

Table 7.5: Comparison of analytical and FEA results of C, r,, with that of the ex-

periments
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7.4.1 Discussion

7.4.1.1 Differences between the analytical and experimental compliance
matrices

From Table 7.4 and 7.5, it can be seen that the differences of the analytical compli-
ance results in Case 2 are much smaller than that in Case 1 when compared to the
experimental results. This is expected because the flexure hinge equations used to
calculate the compliance matrices of Case 2 have smaller differences (when com-
pared to the FEA results) than that of Case 1. The average absolute difference of
Co r, is reduced from 19.2% to 4.1%. The average absolute difference of C, y,, is
reduced from 18.2% to 5.3%.

The differences between the analytical and the experimental compliance results
could be attributed to a) measurement errors during experiments, b) unmodelled
deformations of rigid-links in the analytical models, c) applied load types, and d)

manufacturing errors of the 3-RRR micro-motion stage.

7.4.1.1.1 Measurement errors of compliance matrix, Cor, During the mea-
surements of C, r,, weights were hung from a spacer (which was used to separate
the end-effector and the micro-motion stage) with a distance k from the centre of
the micro-motion stage (see Figure 7.14a). Out-of-plane moments were generated
due to the distance k. It was assumed that the out-of-plane moments will not cause
any in-plane deformations to the micro-motion stage. However this out-of-plane
deformations could contribute to the measurement errors. An investigation was
carried out to study the effect of the out-of-plane rotational motions to the mea-
surement errors. Weights were hung from the end-effector which was further from
the centre of the stage as shown in Figure 7.14b and the compliances were once ob-
tained. The compliances were found to be approximately 2.8% larger than that
when the weights were hung from the spacer (see Figure 7.14a). The out-of-plane
moment caused the end-effector to tilt with a small angle. This small tilting angle
was exaggerated in Figure 7.15. Both the deformations of the micro-motion stage
and the motions at the end of the end-effector caused by the tilting angle were
measured during the experiments. This could explain why the experimentally de-
termined C, g, is larger than that of the analytical values. Although weights were
hung at the spacer during the experiments, the motions of the end-effector caused

by the out-of-plane moments could not be avoided.

7.4.1.1.2 Measurement errors of compliance matrix, = C,r,, Measurement er-
rors of C, p,, could be attributed to the hanging locations of the weights. Weights
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may not be hung exactly at the location of the input point. A pin was used as
shown in Figure 7.7 to locate the weights at the input points. The pin was located
as close to the centre of the hole (input point) as possible. However due to the

thickness of the pin, misalignments were difficult to avoid.

7.4.1.1.3 Unmodelled deformations of rigid-links The kinetostatic model as-
sumes that the deformations of rigid-links of the micro-motion stage are small,
and therefore are ignored. This assumption is made because the 3-RRR compliant
structure is not an over-constrained structure. Therefore, deformations are not ex-
pected at rigid-links. However, the small differences between analytical and the

experimental results could be due to these unmodelled rigid-link deformations.

7.4.1.1.4 Applied load types It was observed that there are some errors when
comparing the analytical C, r,, results to that of experiments. This could be at-
tributed to the difference of the type of loads applied. For the analytical model,
point loads were applied at the input points to obtain their compliance results.
However, during experiments, distributed loads were applied at the input loca-
tions through a pin instead. Applying point loads at the input locations during
experiments were impractical due to the threaded hole and also due to the limita-

tion of the experimental setup.

7.4.1.1.5 Manufacturing errors of the 3-RRR micro-motion stage The ma-
chining errors in the position and size of the holes of circular flexure hinges may
have an influence on the compliances of hinges (Ryu and Gweon, 1997). The flex-
ure hinge compliance equations in Appendix C were expressed as a function of
t, b, 0,,, R and material properties of the hinge. Small variations in each of these
dimensions during the manufacturing process would vary the compliances of the
mechanism. This could partly explain the differences between the analytical com-
pliance results (the ideal hinge models) of the 3-RRR micro-motion stage when

compared to the experimental results.

7.4.1.2 Differences between the FEA and experimental compliance
matrices

The differences between the FEA and experimental compliances could be attributed
to a) measurement errors as explained in Section 7.4.1.1.1, b) the differences of the
type of loads applied as explained in Section 7.4.1.1.4, and c) manufacturing errors
of the 3-RRR micro-motion stage as explained in Section 7.4.1.1.5.
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The FEA compliances were observed to be smaller than the experimentally de-
termined compliances. The under-estimated FEA results may be attributed to the
type of elements used in the FEA model, namely the plane stress element. As
reported by Schotborgh et al. (2005), plane stress elements may provide a 5 to
10% under-estimation of the stiffnesses. Plane stress elements were chosen over
plane strain elements because plain strain elements provide an even greater over-
estimation of the stiffnesses (Schotborgh et al., 2005). A three-dimensional (3-D)
FEA model would provide more accurate results than the two-dimensional (2-D)
model; however an accurate 3-D FEA model is not feasible due to the limited num-
ber of nodes available from the academic ANSYS license.

7.4.1.3 Differences between the Jacobian matrices

The Jacobian matrix of Case 2 was expected to be more accurate than that of Case
1, however both the Jacobian matrix of Cases 1 and 2 provide similar accuracies as
shown in Table 7.6. This is because the Jacobian matrix represents the kinematics
of the micro-motion structures; therefore the Jacobian is almost independent of
compliances or stiffnesses of flexure hinges.

It can be observed in Table 7.6 that overall, the FEA Jacobian gives the closest
prediction to the experimental results. The analytical Jacobian matrices obtained
from the kinetostatic model give similarly close prediction of the translational mo-
tions but provide less accurate predictions of the rotational motions. However,
these Jacobian matrices are more accurate than that of the Jacobian derived using
the PRBM method especially in the rotational terms. This is because the Jaco-
bian matrix obtained using the kinetostatic model considers flexure hinges to have
three-DOF while the PRBM derived in this thesis models flexure hinges to have
only one-DOF.

The differences between the analytical and the experimental Jacobians could
also be attributed to the unmodelled rigid-link deformations in the analytical model
as explained in Section 7.4.1.1.3 and the manufacturing errors of the 3-RRR micro-

motion stage as explained in Section 7.4.1.1.5.

7.5 Concluding remarks

The kinetostatic results of Case 2 were closer to the experimental results than that
of Case 1 especially for the compliance matrices. This indicated the importance of
the selection of flexure hinge compliance equations when calculating the kineto-
statics of compliant micro-motion stages. It also highlighted a) the significance of
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the scheme developed in Chapter 3, and b) the advantage of the derived closed-
form kinetostatic model with flexure hinge compliances as one of the variables in
the equations. The accuracy of the compliance matrices obtained from the kineto-
static model (Case2) was within 7% when compared to the experimental results.
The accuracy of the Jacobian matrix obtained from the kinetostatic model was
within 15% for the translational motions and was within 26% for the rotational
motion when compared to the experimental results. However, these differences
could be attributed to measurement errors, the unmodelled rigid-link deforma-
tions in the kinetostatic model, the differences of applied load types and the man-
ufacturing errors of the micro-motion stages.

The Jacobian matrix obtained from the kinetostatic model provides better pre-
diction of the rotational motions of the 3-RRR micro-motion stage when compared
to that of the PRBM (which does not model the Az- and Ay-deformations of flexure
hinges). As mentioned in Section 6.1.1.2, it is possible to extend the PRBM method
to model flexure hinges to have multi-DOF. However, the extended PRBM method
produces a large number of variables which required extensive computational ef-
fort to solve. Unlike the kinetostatic model derived in this thesis, the kinetostatic
model is a simple closed-form model and it does not require extensive computa-

tional effort to solve.



CHAPTER 8

Conclusions and Future Work

This chapter summarises the work presented in this thesis, highlights the contri-

butions of this thesis and presents the recommendations for future work.

8.1 Objectives of the study

There are two main objectives of this thesis. The first objective is to develop a
scheme for selecting the most suitable circular flexure hinge equations from the
previously derived formulations. There were various flexure hinge equations de-
rived previously using different methods to predict the compliances of circular
flexure hinges. However, it was found that some of these analytical/empirical
compliance equations provided better accuracies than the others depending on
the t/R ratios of circular flexure hinges, and flexure hinge compliance equations
derived previously by any particular method may not be accurate for a large range
of t/R ratios. There was no proper scheme developed on how to select the most
suitable and accurate hinge equation from the previously derived formulations.
Therefore, a scheme to guide designers for selecting the most suitable hinge equa-
tion based on the ¢/ R ratios of circular flexure hinges is developed and presented
in this thesis.

The second objective of this thesis is to develop a simple methodology of deriv-
ing an accurate kinetostatic model of four-bar and 3-RRR compliant micro-motion
stages by incorporating the scheme developed in the first objective. The method-
ology models flexure hinges to have three-DOF. The kinetostatic model is derived
to have closed-form equations. Material properties and link parameters are vari-
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ables in this model. Compliances of flexure hinges are also one of the variables
in the model. Therefore the most suitable flexure hinge equations can be selected
based on the scheme developed in the first objective to calculate the kinetostatics

of compliant micro-motion stages accurately.

8.2 Summary of the research work presented in
this thesis

In Chapter 2, a thorough review of the literature on the modelling of flexure hinges
was conducted. The chapter presents an overview on methods and equations de-
rived previously using various methods to calculate the compliances of circular
flexure hinges. It was identified that the compliance results of a circular flexure
hinge calculated using these equations were different from each other. It was also
found that the accuracy of these previously derived equations changes with the
t/R ratio of circular flexure hinges. There was no proper scheme developed to
guide researchers on how to select the most suitable flexure hinge compliance
equations out of the previously derived formulations. Therefore, a scheme for
selecting the most suitable hinge equation based on the t/R ratio of circular flex-
ure hinges was developed in this thesis. A review of the literature on the kineto-
static modelling of compliant micro-motion stages was also conducted thoroughly.
Several research groups derived kinetostatic models to predict the kinematics and
statics of compliant mechanisms. However, there were only few research groups
who studied the kinetostatics of 3-RRR compliant micro-motion stages. Some of
these kinetostatic models involved an intensive number of transformation matri-
ces which could lead to modelling complications and difficulties. Furthermore,
not all the previously derived kinetostatic models provided the predictions of the
kinematics and both the input and output stiffnesses of compliant micro-motion
stages. The prediction of the input stiffness was particularly important for the de-
sign of piezo-driven compliant mechanisms because the maximum displacement
of a piezo-actuator is governed by the structural input stiffness. High input stiff-
ness will reduce the maximum displacement of a piezo-actuator, which leads to the
reduction of the workspace of compliant mechanisms. As a conclusion, the kine-
tostatic modelling of compliant mechanisms, especially for 3-RRR micro-motion
stages have still not been studied in great detail.

In Chapter 3, a scheme for selecting the most suitable circular flexure hinge
equation based on the t/R ratio of hinges was developed and presented. Com-
pliances of circular flexure hinges determined using a FEA simulation (ANSYS)
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were used as a benchmark for comparisons. Experiments were conducted to mea-
sure the compliances of three flexure hinges in order to investigate the accuracy of
the FEA results and to ensure that the FEA results were suitable to be used as the
benchmark. The three flexure hinges have ¢/ R ratios from each of the categories
of thin (t/R < 0.07), intermediate (0.07 < t/R < 0.2) and thick (0.2 < ¢/R < 0.8)
hinge respectively in order to cover a wide range of t/R ratios. The FEA results
were in good agreement with the experimental results (within 3% difference for
Aa-compliance and 6% difference for Ay-compliance). The FEA results were also
compared to the experimental results of Smith et al. (1997) to further justify the ac-
curacy of the FEA model. The FEA results were in close agreement (within 6.2%)
with the experimental results of Smith et al. (1997). Therefore, the FEA model pre-
sented in this thesis is suitable to serve as the benchmark for comparisons. The
results of various flexure hinge compliance equations (Paros and Weisbord, 1965;
Lobontiu, 2003; Wu and Zhou, 2002; Tseytlin, 2002; Smith et al., 1987; Schotborgh
et al., 2005; Zhang and Fasse, 2001) were compared with that of the FEA model
for flexure hinges with 0.05 < t/R < 0.8. Based on the result of comparisons, the
scheme for selecting the most suitable flexure hinge compliance equation was de-
veloped. Throughout the comparison process, it was also found that there was
no accurate equation (within 5% error when compared to FEA results) to pre-
dict the Az- and Ay-compliance of circular flexure hinges for a wide t/R range
(0.05 < t/R < 0.8). Therefore, general empirical equations were developed based
on FEA results to estimate the Az- and Ay-compliance of circular flexure hinges
for 0.05 < t/R < 0.8.

Kinematic models of a four-bar and a 3-RRR micro-motion stage were derived
using the PRBM method and the loop-closure theory, and were presented in Chap-
ter 4. The kinematic model which was derived in a form of a Jacobian matrix was
linear and simple. However the PRBM in this thesis does not model the Az- and
Ay-displacements of flexure hinges which led to modelling inaccuracy of compli-
ant mechanisms. The modelling accuracy of the Jacobian matrix derived using the
PRBM method was verified by comparing with FEA and experimental results in
Chapters 6 and 7.

In Chapter 5, the derivation of kinetostatic models of a four-bar and a 3-RRR
micro-motion stage were presented. Flexure hinges were modelled to have three-
DOFEF. The kinetostatic model was derived to have closed-form equations where
material properties, link lengths and flexure hinge compliances were variables in
the model. Since flexure hinge compliances were one of the variables in the model,
the scheme developed in Chapter 3 was incorporated into the model in order to

obtain an accurate prediction of the kinetostatics of the two compliant stages. Two
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cases were studies for both the four-bar and 3-RRR micro-motion stages where the
kinetostatic models of Case 1 were calculated by deliberately choosing the flexure
hinge equations with large differences (when compared to FEA results) based on
the scheme developed in Chapter 3. Meanwhile, the kinetostatic models of Case
2 were obtained by choosing the flexure hinge equations with small differences.
The compliance results of the two cases were noticeably different which indicated
that the choice of flexure hinge compliance equations affects the accuracy of the
kinetostatic models. The kinematic results which were derived in a form of Jaco-
bian matrices showed close results for both cases. This was because the Jacobian
matrix represented the kinematics of the micro-motion structures and the choice of
flexure hinge equations used to calculate the analytical results has minimal effects

on the results of the Jacobian matrix.

In Chapter 6, FEA models of the four-bar and the 3-RRR micro-motion stage
were constructed using ANSYS. The FEA determined kinetostatic results of the
compliant stages were used to validate the accuracy of the kinetostatic models.
It was found that the kinetostatic results of Case 2 for both compliant mecha-
nisms were closer to the FEA results than that of Case 1 except for the Jacobian
matrix. This was because the Jacobian matrix represented the kinematics of the
micro-motion structures. The choice of flexure hinge equations used to calculate
the analytical results has minimal effects on the results of the Jacobian matrix. The
improvement of the results of Case 2 indicated the importance of the selection
of flexure hinge compliance equations when calculating the kinetostatics of com-
pliant micro-motion stages. It also highlighted a) the significance of the scheme
developed in Chapter 3, and b) the advantage of the derived closed-form kineto-
static model with flexure hinge compliances as one of the variables in the equation.
The Jacobian matrix derived using the PRBM method and the loop-closure theory
was also compared to the FEA results. It was found that the Jacobian results de-
termined from the kinetostatic model were closer to the FEA results than that of
the PRBM method in this thesis (which ignored the modelling of the Az- and Ay-
deformations of flexure hinges).

In Chapter 7, experiments were conducted to measure the compliances and Ja-
cobian of the 3-RRR micro-motion stage in order to validate the kinematic model
derived using the PRBM, the kinetostatic and the FEA models. It was found that
the kinetostatic results of Case 2 were closer to the experimental results than that
of Case 1 especially for the compliance matrices in the model. Overall, the FEA de-
termined Jacobian provided the closest prediction to the experimental results. The
analytical Jacobian matrices obtained from the kinetostatic model gave similarly

close predictions of the translational motions but provided less accurate predic-
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tions of the rotational motions. However, the Jacobian matrices obtained from the
kinetostatic models were more accurate than that of the Jacobian derived using
the PRBM method (which does not model the Az- and Ay-deformations of flex-
ure hinges) especially for the rotational terms. It is possible to extend the PRBM
method to model flexure hinges to have multi-DOF. However, the extended PRBM
method produces a large number of variables which require extensive computa-
tional effort to solve. Unlike the kinetostatic model derived in this thesis, the kine-
tostatic model is a simple closed-form model and it does not require extensive
computational effort to solve.

8.3 Contributions

The work presented in this thesis has made several contributions to the current
knowledge:

e A review on the accuracies and limitations of previously derived circular
flexure hinge compliance equations was presented. This review has provided
a good indication that the accuracy of most of the previously derived hinge
equations vary with the ¢/ R ratio of flexure hinges.

e A scheme for selecting the most suitable circular flexure hinge compliance

equations based on the ¢/ R ratio of a hinge was developed.

e A method was presented to derive linear and simple kinematic models using
the PRBM and the loop-closure theory.

¢ A simple methodology was presented to derive a closed-form kinetostatic
model of four-bar and 3-RRR compliant micro-motion stages. The kineto-
static model provides accurate predictions of kinematics, and both the input
and output compliances of compliant micro-motion stages. The closed-form
kinetostatic model was derived with flexure hinge compliance equations as
one of the variables, and the most suitable flexure hinge equation can be used
to accurately estimate the kinetostatics of compliant micro-motion stages.

e This work has given a good indication that the accuracy of the kinetostatic
model is dependent on the accuracy of the flexure hinge compliance equa-

tions.

e The developed scheme for selecting flexure hinge equations and the derived
kinetostatic model are useful for parametric studies and design optimisations

of micro-motion stages.



176 Chapter 8. Conclusions and Future Work

8.4 Recommendations for future work

e The compliance equations (Az/F, and Ay/F,) of Schotborgh et al. (2005)
had large errors compared to other research groups. This may be attributed
to the uncertainties in their FEA model where the stiffnesses of hinges vary
with the heights of the FEA model. The change of the hinge stiffness with the
change of the height of their FEA model is recommended to be investigated
in future.

e The current scheme for selecting flexure hinge equations was developed based
on the ¢/ R ratio of flexure hinges. The scheme could be extended to include
more dimensions of flexure hinges, such as b/ R and h/R, in order to provide
more details on how the accuracy of various compliance equations vary with

these hinge dimensions.

e The current scheme was developed for in-plane compliances of circular flex-
ure hinges. The scheme can be extended to include out-of-plane compliances

of the hinges.

e The kinetostatic model derived in this thesis suffered some inaccuracies which
are attributed to the unmodelled deformation of rigid-links. The kinetostatic
model could be extended to include the deformation of links in order to in-
vestigate the effect of these unmodelled deformations on the accuracy of the
model.

o The kinetostatic model could be extended to include the out-of-plane flexure
hinge compliances, such as Aa, /M,, Aa, /M, and Az/F;; therefore it could

be also applied to spatial compliant mechanisms.

e The kinetostatic model could be extended to include the piezo-actuator stiff-
ness in order to predict the kinetostatic of the whole compliant micro-motion

system.

e A 3-D FEA model of the micro-motion stages could be generated using other
FEA software which could provide sufficient number of nodes to accurately
model the stiffnesses and deformations of the structures. The measurement
errors presented in Section 7.4.1.1.1 can be investigated using the 3-D FEA
model. The results of the 2-D FEA compliant stage model are suggested to be
compared to the results of the 3-D model in order to investigate the accuracy
of the 2-D FEA model.
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e The experimental setup of measuring the compliances (Co r, and Co, r,, ) of
the 3-RRR micro-motion stage can be improved by using force/torque trans-
ducers to measure the applied forces/moments. Out-of-plane deformations
should be measured using a few extra sensors in order to quantify the mea-
surement errors and to calculate the “actual” in-plane deformations caused
by the applied in-plane forces/moments.
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