INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UM! films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6 x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directiy to order.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






Design, Simulation and Testing of
Micromachined Flexible Joints

by

Heiko M. Fettig

Submitted
in Partial Fulfilment of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

Major Subject: Mechanical Engineering

at

DALHOUSIE UNIVERSITY

Halifax, Nova Scotia

© Copyright by Heiko M. Fettig, 2001

May, 2001



i~l

National Library Bibliotheque nationale
of Canada du Canada
Acquisitions and Acquisitions et .
Bibliographic Services services bibliographiques
395 Wellington Street 395, rue Weilington
Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your Sle Votre référence
Our flg Notre rétérence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant 3 la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canadi

0-612-63476-0



Dalhousie University

Faculty of Engineering

The undersigned hereby certify that they have examined, and recommend to the Faculty of
Graduate Studies for acceptance, the thesis entitled “Design, Simulation and Testing of Mi-
cromachined Flexible Joints” by Heiko M. Fettig in partial fulfilment of the requirements
for the degree of Doctor of Philosophy.

Dated: dLMcZ 4 /d 4

Supervisor:

TedHubbard

External Examiner: -

Niall Tait, Carleton University

Examiners:

Ku;ath



Dalhousie University

Faculty of Engineering

DATE: Juwne Z5 2ocy

AUTHOR: Heiko M. Fettig

TITLE: Design, Simulation and Testing of Micromachined
Flexible Joints

MAJOR SUBJECT: Mechanical Engineering
DEGREE: Doctor of Philosophy
CONVOCATION: October, 2001
Permission is herewith granted to Dalhousie University to circulate and to have copied for

non-commercial purposes, at its discretion, the above thesis upon the request of individuals
or institutions.

Signature ol Author

The author reserves other publication rights, and neither the thesis nor extensive extracts
from it may be printed or otherwise reproduced without the author’s written permission.

The author attests that permission has been obtained for the use of any copyrighted material
appearing in this thesis (other than brief excerpts requiring only proper acknowledgement
in scholarly writing), and that all such use is clearly acknowledged.



In Memory of Dr. Adolf Fettig (1909 - 1998)
Citizen of the World

iv



Table of Contents

Listof Figures ..........iuiiiiiiiiiiiiiiiiiiieiiteeneneeennennnacanenss ix
Listof Tables. .......ciuiitiiiiiiiiiiiineeineieneeneneneeeocanaannennss Xii
Symbols and Abbreviations . . .. .....ciiiiiiiiiiiiieettreeeteteeeannnann Xiv
Acknowledgements . ... ......c.iiiiiiiiiiiiiieniereeeeneanasncaneaanens xviii
4 4 T XX
1 Introduction. ........cciiiiniiiiiiiiiiieiereneeneeaceacceocncnnnnns 1
2 Micro-Machining and Micro-Joints ................ciiiiiinrnnnnnnnnn. 4
2.1  Surface Micromachining. . ..... ... .. ... ... ... ... ... ......... 4

2.1.1 LayerDeposition ..................... ... ... 4

2.1.2 LayerPatterning................. ... ... ............ 5

213 Layout. ... ... 7

214 DesignRules ... ... ... . ... .. ... ... ... ... 9

2.1.5 DeviceFabrication................................. 10

22 Micro-Joints ... ... 12

221 ScalingLaws ............. ... ... ... . .. .. .. ... ... 12

222  FlexibleJoints ...... ... . ... ... ... .. ... . ... ... 14

3 Joint Types. . ..o tieiiiiiiiieiiiiiiineinetesencasssscsossaananes 16
3.1 Introduction. ... .......... . ... ... 16

3.2 Designand Nomenclature. .. .................................. 16

3.3 KinematicEquivalents . ............ .. .. .. ... ... ... ... .. .. ... 20

34 FabricatedJoints . . . ... ... .. 22

4 Standard Joint FE Analysis . .....coiiiieiiiiiiienneennaenanneeennans 24
4.1 Introduction. ... ........... i e 24

4.2 TheFinite ElementMethod. . .................................. 24

4.2.1 Areasof Application ............................... 25

4.2.2  General Descriptionof FEA. ......................... 27

423 The DisplacementMethod . .. ........................ 28

424 CoupledEnergy Domains ........................... 30

43 FEAModels .......... . 30

43.1 FEASoftware............. .. ... ... . . . ... 30

432 Units. ... o e e 31

4.3.3 Material Properties. .. .............................. 31

434 SolidvsBeamModel............................... 32

44 FEAMethods ....... .. i e 36

441 Modal Analysis ............ ... . ... . ... 36

442 Non-Linear Static Analysis .......................... 37



3

o

Primary FEAResults ...........cciiiiiiiiiiiiiiiirireeeeroneannnns 40

5.1 Imtroduction. . ........... .. ... .. 40
52 Centreof Rotation. . ................. .. i, 40
53 ResonantModes .......... ... ... 44
5.4 In-Plane Rotational Stiffness. . .............. ... ... ... ... ...... 46
5.5 In-Plane Axial Stiffness ............. ... .. ... . ... ... ... . ... .. 50
Secondary FEA Results. . .. ... ..iiiiiiiiiiitienennnenneneananenns 55
6.1 Introduction.......... ... ... . ... ... 55
6.2 Out-of-Plane Rotational Stiffness. . .. ............ ... ... ......... 55
6.3 In-Plane Lateral Stiffness ............. ... .. .. ... ............ 62
6.4 Non-Linear Joint Stiffness .. ........... ... ... ... ... .......... 66
6.5 Centrodes. .. .......... i 69
Standard Joint Experiments. ... .......cciiittieitinrenecnenccanneeans 75
7.1 Introduction. . .......... ... .. ... e 75
7.2 Experimental Methods ........... .. ... ... ... .. .. ... ... ..... 75
7.2.1  Non-Contacting Laser Reflectance System .. ............ 75

7.2.2  Aerodynamic Excitation. . . .......................... 78

723 The Flick™-Test .. ........ .. i, 80

7.2.4  Calculation of Corresponding Stiffnesses . .............. 83

73 Experimental Results. .. ..... ... ... ... ... ... ... ... .. .. ..... 84
7.3.1  Aerodynamic Excitation. . . .......................... 84

7.3.2 The ‘Flick™-Test . .. ..., 86

733 Damping....... ... ... e 87

7.4 DISCUSSION . . . .ttt it e et 89
7.5 External Measurements. ... ..............ii i 92
7.5.1  Compact Micro-Positioner. . ......................... 92

7.5.2  Atomic Force Microscopy . .......................... 93

Joint Layout Variations ..........ccoiiiitiiriinienanceeeacanoannens 94
8.1 Introduction.............. ... . i 94
82 DoubleLayerJoints ............ .. i e 94
8.2.1 FEAResults .. ...... ... .. .. . . . . 96

822 Experimental Results.............................. 101

823 DISCUSSION .. ... ...ttt e e 105

83 JointWidth Variations ............. ... ... ... .. ... ... ...... 106
8.4 Joint Spacing Variation: The Paper-ClipJoint . . . ................. 109
Joint Design Guidelines. .. .......cciiiiiiiitiiiiiiieinaneccanennnas 112
9.1 JointObservations. ............ouuivnemnontiineaiiiaaannen 112
9.1.1 In-Plane Rotational Stiffness (Kg) ... ................. 112

9.1.2  Out-of-Plane Rotational Stiffness (Ky) ................ 112

9.1.3  AngularRangeof Motion .......................... 113

9.14 Degreesof Freedom............................... 113

vi



915 IHoint. ... ... ... . . 114

9.1.6 AsymmetricJoints ................ .. ... ... ... .... 114

9.2 Joint SelectionGuide ............. .. .. .. .. ... . ... . ... .. ... 116
9.2.1 Designing a Pseudo Slide (Slider) Joint................ 118

9.2.2  Designing a Pseudo Rotary (Pin) Joint ................ 119

9.3 Examples for Joints as Partof Mechanisms . . .................... 121
9.3.1  Flexural Motion Amplifiers . ...................... .. 121

9.3.2  Three Degrees of Freedom Micro-Stage . .............. 124

10 Conclusion ......iiiniittiiiiiineeiiieneneneeeeoeeneeanesanennnns 128
11 References ......oiiiuiiniiiiiiiiiieeeneneeeneneeaseoanneenasennnns 131
A  Summary of JointProperties........... ...ttt 134
A.l1 Joint Variation Identifiers . .......... ... .. ... .. .. ... ... .. ... 134
A2 The ANSYS Co-Ordinate System. .. ................c.ooo ... 137
A3 Total Unfolded JointLength. .. ... ... .. ... ... .. ... .. .. ... .... 138
A4 H-Joints. ... ... . 139
A4.1 LayoutSchematics.............................. .. 139

A42 FEAResults...... ... .. ... .. .. ... .. . ... ... 141

A43 DerivedEquations ..................... ... .. ... ... 143

AS T-Joints. ... 144
A.5.1 LayoutSchematics................................ 144

A52 FEAResults....... .. ... ... ... ... ... ... ... ... .. 144

A6 S-JoInts .. ... 146
A.6.1 LayoutSchematics................................ 146

A62 FEAResults......... ... ... ... ... ... ... . . ..., .. 148

A.6.3 DerivedEquations ........... ... .. ... ... .. ... .. .. 149

A7 U-JOINtS. ... 150
A.7.1 LayoutSchematics................................ 150

A72 FEAResults........ ... . ... ... ... ... .. .. ... .. 152

A.73 DerivedEquations ...................... .. ... ... .. 153

A8 V-JoInts. .. ..o 154
A.8.1 LayoutSchematics............................ .. .. 154

A82 FEAResults...... .. ... ... ... ... ... ... .. ... ... . 156

A83 DerivedEquations ................... ... . ... ... .. 157

A9 X-Joints. .. ... 158
A9.1 LayoutSchematics.............................. .. 158

A92 FEAResults........ ... ... ... ... ... ... ... 161

A93 DerivedEquations ....................... ... ... ... 163

A1O PC-JoInts. ..o 164
A.10.1 LayoutSchematics............................. ... 164

A102 FEAResults......... ... ... ... ... ... ... . . ... 165

A.10.3 DerivedEquations ....................... ... ... ... 166

vii



ANSYS MaCKoS . .coiiiitinnnitiinnneenesessoeeeeenesensensssnnanns 167

B.1 Interactive Session. ................. ... 167
B.2 Creatingan ANSYSMacro. .................... ... 170
B3 Usingan ANSYSMacro................... i ... 170
L-Edit Macros for JointCreation .............cccoiivtiinrnencnnennn. 171
Experimental Procedures..............c.ciuiiiiiinrnnennnnaannnann. 172
D.1 Aerodynamic Excitation . ................. ... ... ... ... ....... 172
D.2 The ‘Flick™-Test. ... ... ... .. . 174
MUMPs Chips Fabricated .............coiitiiiiiiiiinnnnnnennn. 175
Finite Element Analysis of MEMS Devices. ...........ccovvvivunnnnnn.. 177
F.1 Introduction............. ... ... ... .. . . . .. 177
F2 Modelling MEMS . .. ... ... . .. .. 178
F.2.1 Coupled Energy Domains .......................... 178

F22 Appreaches........ ... .. ... ... ... ... .. ... ... ... 179

F23 DoltYourself.......... ... ... ... ... ... ......... 179

F.24 SpecificPrograms ................................ 180

F.2.5 Commercial Simulation Packages . ................... 181

F.3 AnalysisPackages............... ... ... . ... ... ... .. ... ..., 182
F3.1 MEMSPackages ................. .. ... .. 182

F3.1.1 MEMCAD............................. 182

F3.1.2 IntelliSuite. . ........................... 185

F3.1.3 MEMSPro............................. 187

F.3.2 GeneralPackages................................. 189

F3.2.1 ANSYS ... ... . 189

F322 ABAQUS. ... .. ... .. ... 193

F33 Comparison .............. .. ... .. ... . .. .. . ..., 194

F4 Conclusion. ... ... .. ... ... . ... . . 195
F.4.1 Status Quo ... ... 195

F.42 Recommendations ................................ 195

F5 References........... ... .. . 197

viii



List of Figures

9] ('\) l.\)
(VR (S

o
&

4-4
4-5

Patterning of a Layer Using Photolithography. . ............ ... ... .. ... .. 6
The Physical Layers of the MUMPs Process. ........................... 8
Fused Poly 1 Structure due to Violation of the Minimum Spacing

DesignRule .. ... .. . . . 10
Typical Deposition Process of a Cantilever Structure ... ................. 11
The Six Basic Joint Shapes: H, [, S, U, V. X .. ... ... .. ... ........... 17
Layout Schematic of the Joint-Mass Setup (Top and Side View) . .......... 18
The First Seven Prototypes (Small End-Mass). . ........................ 19
Folded Joint Length L¢for Various Joints . ...... ... ... ... .. ... ... 20
Example Diagrams of Rigid Kinematic Pairs and Their Flexure Counterparts . 21
SEM Micrographs of the Six Basic Joints (CJ2chip) .................... 22
The Roof of the Olympic Stadium inMunich ....................... ... 25
Two-Dimensional Continuum Divided Into Triangular Elements. .......... 27
Solid Model of an H-Joint (close-up). .. ........ ... .. ... ... .. ...... 33
Beam Model of an H-Joint (close-up) . ........... ... ... ... .......... 34
A Fishing Rod Demonstrates Geometric Non-Linearities . . ... ............ 38
Loadsteps for In-Plane and Out-of-Plane Rotational Stiffness Calculations . . . 39
Centre of Rotation for aCantileverBeam ............................. 41
Calculation of the Centreof Rotation. . . .............................. 42
Centre of Rotation for U- and V-Joints for Different Joint Length (FEA). . . .. 43
Mode Shapes of the First Four Modesofan H50 Joint. ... ............... 45
In-Plane Rotational Motion .......... ... ... ... ... .. ... ... .. ....... 46

In-Plane Rotational Stiffness K for Various Joint Types and Lengths (FEA) . 47
Normalised In-Plane Rotational Stiffness Kq-(L/250 um) for Various Joint

Typesand Lengths (FEA). . .. ... ... i 49
In-Plane Axial Motion . ....... . ... ... .. . . . 50
Axial Stiffness K, for Various Joint Types and Lengths (FEA) ............ 51
Normalised Axial Stiffness K, -(L/250um) for Various Joint Types and

Lengths (FEA) . ... .. 54
In-Plane Versus Out-of-Plane Motion (Top View) ...................... 56
Out-of-Plane Rotational Stiffness Ky for Various Joint Types and Lengths
(FEA) . o e e e e e e 58
Normalised Out-of-Plane Rotational Stiffness K -(L/250 um) for Various

Joint Typesand Lengths (FEA) . . ...... ... . . . . . . i 60
In-Plane Rotational Motion Due to Pure Moment (a) and Pure Force (b). . . .. 62
Two Degree of FreedomMotion . ........... ... ... ... ... ... ... 62
In-Plane Lateral Stiffness K, for Various Joint Types and Lengths (FEA) . ... 64
Stiffness Non-Linearity in Applied Force foran H 100 joint. . .. ........... 66

Shape Change of an H-Joint During Axial Loading (FEA, exaggerated) . . . .. 67



6-10
6-11
6-12
6-13

7-1
7-2
7-3
7-4

7-5
7-6
7-7

8-8

8-9
8-10
8-11

9-1
9-2

Shape Change of an H-Joint During Axial Loading by a Probe Needle

(Large Force Used for Demonstration). . . ... .......................... 68
Fixed and Moving Centrodes of a Joint Link System .................... 70
Centrode of I 30, H 50, X 45, S 100 (Shaded Area Represents Joint Beam). . . 72
Radius of Curvature of a Centrode at Locationof 0°COR .. .............. 73
Radii of Curvature for Various Joint Types . . .......................... 74
Schematic of the Non-Contacting Laser Probe Microscope System . .. ... ... 76
Photograph of the Non-Contacting Laser Probe Microscope System .. ... ... 77
The Hypodermic Needle Air Excitation Setup. . . ....................... 78
Photograph of Resonating X-Joint with Laser Reflection

(Aerodynamic Excitation) ................... ... . . ... . .. ... .. ... ... 79
Oscilloscope Trace of a Resonating X-Joint (Aerodynamic Excitation) . . . . . . 80
Manually Displaced Joint-Mass System. . ... .......................... 81
Recorded Oscilloscope Trace of a Decaying Oscillation of a U-Joint
CFhick’=Test). . . ..o e 82
Recorded Spectrum Analyser Trace of the Transient Response of a U-Joint
CFhCk’-Test). . . ..o e 82
Two Joints Vibrating Side-by-Side .................................. 85
Destructive Power of Aerodynamic Excitation . ........................ 86
Exponential decay of transient response: { = 0.06and Q = 8............. 88

In-Plane Rotational Stiffness Kg for Various Joints (‘Flick’-Test and FEA). . . 89
Normalised In-Plane Rotational Stiffness Kg-(L/250 um) for Various Joints

(CFlick’-Testand FEA) . . . .. ... o e, 90
Layout of a Double Layer H 100 Joint (Top View and Cross-Section). . . . . . . 95
In-Plane Rotational Stiffness Ky for Various Double Layer (DL) and

Single Layer (SL) Joint Types and Lengths (FEA) . ........... .. ........ 97
Axial Stiffness K, for Various Double Layer (2) and Single Layer (1)

Joint Typesand Lengths (FEA) . ... ... ... .. ... .. ... ... ... ........ 98
Out-of-Plane Rotational Stiffness K, for Various Double Layer (2) and

Single Layer (1) Joint Types and Lengths (FEA). . ...................... 99
Normalised Out-of-Plane Rotational Stiffness K4 (L/250um) for Various
Double Layer Joint Types and Lengths (FEA). . ....................... 100
Destroyed Double Layer Joints as Delivered from Foundry .......... .. .. 102
In-Plane Rotational Stiffness Ky for Various Double Layer Joints
(Flick’-Testand FEA) . . . ... ... e, 103
Normalised In-Plane Rotational Stiffness Kg-(L/250 um) for Various

Double Layer Joints (‘Flick’-Testand FEA) .. ........................ 104
H 100 and X 80 Along with Four Layout Variations. . .................. 106
Transformation from H25to PC25Joint ............................ 109
Various H-Joints and the Corresponding PC-Joints. ... ............... .. 110
Schematic of a Flexural Motion Amplifier. ... ........................ 121
Flexural Motion Clamping Mechanism (PS1chip) ..................... 122



9-3
9-4
9-5

9-7

A-1
A-2
A-3
A-4
A-5

A-7
A-8

Motion of a Flexural Motion Amplifier (top: 0V, bottom: 6V, CJ2 chip). ... 123

3DOF Parallel Manipulator Mechanism (Kinematic Representation). . . . . .. 124
Uni-Directional 3 DOF Micro-Stage with Long S-Joints

(Layout, CM2chip) ....... oot 125
Uni-Directional 3 DOF Micro-Stage with Long S-Joints

(SEM Micrograph, CM2chip) . . ... ... .o 126
SEM Micrograph of Polysilicon Micro-Stage (Close-Up, CM2 chip). ... ... 127
The “World” and the ANSYS Co-Ordinate System. .. .................. 137
Geometric Layoutofan H-Joint. . . ....... ... ... .. .. .. ............ 139
Geometric LayoutofanI-Joint. . . ....... ... ... ... . ... ... ... .... 144
Geometric LayoutofanS-Joint . . . ....... ... ... . ... .. .. ... ... .... 146
Geometric Layoutofan U-Joint. . ... ... ... ... ... ... ... ... .... 150
Geometric Layoutofan V-Joint. . . ....... ... ... ... ... ... .. ........ 154
Geometric Layoutofan X-Joint. . . ........ ... ... .. ... . ... ... .. ..... 158
Geometric LayoutofaPC-Joint. . ......... ... ... .. ... ... ... ....... 164

Xi



List of Tables

2-1
2-2
2-3

&b W
1 LI 1
N = e

1 G
(VL I S VS I 86 I

0\?\0\ t'IlUILIIUILII
W N -

? o
(VN

7-1

The MUMPs Physical Layers. . ............ . ... .. .. .. . ... ..... 7
The MUMPs Lithography Levels. . .......... ... ... ... ... .......... 9
Scaling of Stiffness, Mass, Deflection, Angular Deflection,

Frequency and Reynolds Number . ....... ... ... ... ... ... ......... 14
Fabricated Standard Joints . .. ........ ... ... .. .. ... .. 19
Mechanical Conversion Factors for MKStouMKS . .................... 31
Comparison Solid/Beam Model ... ......... ... ... ... .. ......... .. 35
FEA Predicted First- and Higher-Order Modes for Various Joints . ......... 44
In-Plane Rotational Stiffness Kg of Various Joints (FEA). ........... .. .. 46
In-Plane Axial Stiffness K, of Various Joints (FEA). .................... 50
Long Joints: Axial Stiffness K, Governed by Joint Arm Angle. . ........... 52
Short Joints: Axial Stiffness K, Governed by Curved Joint Length ...... ... 53
Out-of-Plane Rotational Stiffnesses Kd, of Various Joints (FEA). .. ......... 55
“Safe” Distance d, for Various Joints (FEA). . ........ ... ... .. ... ... .. 63
Stiffness Variation for Various Joints Between a 10uN Compression

anda 10puN Tension Load (FEA). . ........ ... .. ... ... ... 67
Angle of Centrodes for Various Joints . . .. ............................ 71
Radii of Curvature of Centrodes for Various Joints. . . ................... 73

Measured and FEA In-Plane Rotational Resonance Frequencies and
Stiffnesses for Various Joints (Large End-Mass, Aerodynamic Excitation) . . . 84
Measured and FEA In-Plane Rotational Resonance Frequencies and

Stiffnesses for Various Joints (Small End-Mass, ‘Flick’-Test) ............. 87
Measured and FEA Axial Stiffness of Various H- and X-joints (CMP) . ... .. 92
Measured and FEA Axial Stiffness of

Various H-joints (AFM) . . .. ... . 93
Stiffnesses Kg, K, K, of Various Double Layer Joints (FEA) ............. 96
Measured and FEA In-Plane Rotational Resonance Frequencies and

Stiffnesses for Various Double Layer Joints (‘Flick’-Test) ... ............ 102
In-Plane Rotational and Axial Stiffnesses of Various H- and X-Joint

Varniations (FEA) . . ... ... i e 107
In-Plane Stiffnesses of Various PC-Joints and (H-joints) of Same Length

(FEA) .o e 110
In-Plane Stiffnesses for Standard Joints (FEA, Regression) .............. 116
In-Plane Stiffness Trends for Standard Joints (FEA, Regression) . ......... 117
Identifiers of Examined Joint Variations (H, X,S) ..................... 135
Identifiers of Examined Joint Variations (I, U, V,PC) .................. 136

Relation Between ANSYS and “World” Co-Ordinate System ............ 137

Xii



A-4

A-5

A-6

A-7

A-8

A-9

A-10
A-11
A-12
A-13
A-14
A-15
A-16
A-17
A-18
A-19
A-20
A-21
A-22
A-23
A-24
A-25
A-26
A-27
A-28
A-29
A-31
A-30

E-2
E-3

F-1
F-2

Total Unfolded JointLength. .. ... ... ... ... .. ... ... ... .......... 138

H-Joint Variations. . . ........ ... e 139
Joint Segmentsofan H-Joint .. .. ........ ... ... ... ... ... ... ...... 140
H-Joint-Mass Resonance Frequencies (FEA). .. ....................... 141
H-Joint Stiffnesses (FEA). . . .. ... ... .. .. . 142
[FJoint Variations ... ............. ittt 144
Joint SegmentsofanI-Joint. ... ... ... ... ... ... ... . ... .. ... ... ... .. 144
I-Joint-Mass Resonance Frequencies . .. ............... ... .......... 144
[-Joint Stiffnesses (FEA) . . ... .. i i 145
S-JointVariations . . ... .. ... 147
Joint Segmentsofan S-Joint. . . ... ... ... ... .. 147
S-Joint-Mass Resonance Frequencies (FEA) ... ....................... 148
S-Joint Stiffnesses (FEA) . .. ... ... i 149
U-Joint Varnations. . . ...ttt e e e e 150
Joint Segmentsofan U-Joint .. ......... ... ... . ... .. .. ... ... .... 151
U-Joint-Mass Resonance Frequencies (FEA). . ........................ 152
U-Joint Stiffnesses (FEA). . ... ... i e e, 153
V-Joint Variations. ... ... ot 155
Joint Segmentsofan V-Joint .. ... ... ... .. ... .. ... ... . ... ... .. 155
V-Joint-Mass Resonance Frequencies (FEA). .. ....................... 156
V-Joint Stiffnesses (FEA). .. ... ... . . 157
X-Joint Variations. . . .. .. .ottt 159
Joint Segmentsofan X-Joint .. ...... ... .. .. 160
X-Joint-Mass Resonance Frequencies (FEA). ......................... 161
X-Joint Stiffnesses (FEA). . . .. ... .. 162
PC-Joint Vanations. . .. .. ...ttt e 164
PC-Joint Stiffnesses (FEA). . . . ... .. .. 165
Joint Segmentsof an PC-Joint . . ........ ... ... ... . .. ... .. ... 165
MUMPs Chips Designed by the Dalhousie MEMS Lab ................. 175
Complete ChipDesignNames . .. ........... .. ... ... ............. 175
ChipDesigners. ... ... ... 176
ANSYS Licensing Options.. . .. . . ... . i i 192
Comparison of Some Important Features of the Different Programs. . ... ... 194

xiii



Symbols and Abbreviations

Abbreviations and Acronyms

AFM Atomic Force Microscopy

CJ2 Compliant Joints 2 (MUMPs chip)
CMC Canadian Microelectronics Corporation
CMP Compact Micro-Positioner

COR Centre of Rotation

CRC Centre of Radius of Curvature

CVD Chemical Vapour Deposition

DOF Degrees of Freedom

DL Double Layer

FE Finite Element

FEA Finite Element Analysis

FEM Finite Element Method

FFT Fast Fourier Transform

IPR In-Plane Rotation

IP Rot In-Plane Rotation

LPCVD Low Pressure Chemical Vapour Deposition
MEM Micro-Electro-Mechanical

MEMS Micro-Electro-Mechanical Systems
MKS Standard SI Unit System

uMKS SI Unit System for Micro-Systems
MUMPs Multi-User-MEMS-Processes

OPR Out-of-Plane Rotation

OP Rot Out-of-Plane Rotation

PECVD Plasma Enhanced Chemical Vapour Deposition
Poly Polysilicon

PSG Phosphosilicate Glass

R Rotary Joint

RT2 Ratcheting Torsional Motors 2 (MUMPs chip)
S Slide Joint

SL Single Layer

Tors Torsion

Xiv



Variables

MY M o &R > o 8

”
el

e

I Nl P

B

Y

Cross-Section
Square Cross-Section Width/Height
Angle Between Joint Arm and Joint Axis

Rectangular Cross-Section Width

Distance from Centre of Rotation
“Safe” Distance for the Application of Lateral Force Loads
Deflection

Young’s Modulus

Force

Nodal Force Vector

Pure Force

Resonance Frequency

Experimentally Measured Resonance Frequency
i'h Natural Resonance Frequency

n" Natural Resonance Frequency

Out-of-Plane Rotational Resonance Frequency
In-Plane Rotational Resonance Frequency
In-Plane Axial Resonance Frequency

Shear Modulus
Continuum Boundary

Rectangular Cross-Section Height

Cross-Sectional Moment of Inertia
Mass Moment of Inertia about the Out-of-Plane Axis

Stiffness Matrix

Stiffness

Bending Stiffness of a Cantilever Beam

Bending Stiffness of a Cantilever Beam (In-Plane)
Bending Stiffness of a Cantilever Beam (Out-of-Plane)
Axial Stiffness at a 10uN Compressive Load
Out-of-Plane Rotational Stiffness

Torsional Section Property

In-Plane Rotational Stiffness

Experimentally Measured In-Plane Rotational Stiffness
In-Plane Rotational Stiffness (Standard Joint)
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In-Plane Rotational Stiffness (Joint Variation)
Axial Stiffness at a 10 uN Tensile Load
Torsional Stiffness of a Cantilever Beam
In-Plane Axial Stiffness

In-Plane Axial Stiffness (H-Joint)

In-Plane Axial Stiffness (PC-Joint)

In-Plane Axial Stiffness (Standard Joint)
In-Plane Axial Stiffness (Joint Variation)
In-Plane Lateral Stiffness

Total Unfolded Joint Length

Folded Length Anchor Side Joint Arm
Folded Length End-Mass Side Joint Arm
Curved Joint Length

Folded Joint Length

Gap Size

Static Joint Length

Moment

Mass Matrix

Pure Moment

In-Plane Rotational Moment
Out-of-Plane Rotational Moment
Viscosity

Kinematic Viscosity

Poisson’s Ratio

Continuum

Damped Circular Resonance Frequency
Eigenvalue/ith Circular Resonance Frequency
Undamped n' Circular Resonance Frequency

Eigenvector
Out-of-Plane Angular Position/Deflection

Quality Factor

Coefficient of Determination
Reynolds Number
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t Time

e In-Plane Angular Position/Deflection

o Nodal Displacement Vector

v Linear Velocity

x In-Plane Axial Position (parallel to the joint-mass arms)
X In-Plane Axial Position (ANSYS)

y In-Plane Lateral Position

Ay In-plane Lateral Displacement

Ay ot In-plane Lateral Displacement Due to Rotation
AYyrans In-plane Lateral Displacement Due to Translation
Y Out-of-Plane Lateral Position (ANSYS)

z Out-of-Plane Lateral Position
VA In-Plane Lateral Position (ANSYS)
g Damping Factor

Glossary
Centre of Joint Centre of the line connecting the end-points of the joints
Centrode Path on which the centre of rotation travels during loading

Pseudo Rotary Joint Two or three DOF joint whose translational compliances are negligi-
ble relative to its rotational compliance

Pseudo Slide Joint Two or three DOF joint whose second translational and rotational
compliances are negligible relative to its first translational compliance

Pure Rotary Joint One DOF joint with rotational freedom

Pure Slide Joint One DOF joint with translational freedom

Rotary-Slide Joint Two DOF joint with rotational and translational freedom
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Abstract

This thesis examines the design, simulation and testing of micromachined flexible joints.
Micromachined devices or MEMS (Micro-Electro-Mechanical Systems) combine mechan-
ical parts as well as electronic parts on a micro-scale. The objective of this research is to
mimic the kinematics of classical macro rotating and sliding joints with flexural micro-
joints.

The joints consist of long slender beams that are folded in a variety of shapes: ‘I°, ‘H’.
‘X%, ‘S, ‘U’ and "V’ shaped joints are considered. Finite element simulations are used to
calculate in-plane rotational, axial and lateral stiffness, out-of-plane rotational stiffness and
examine the effect of variations in joint length and beam angles.

The simulation results are compared to a series of dynamic tests of polysilicon micro-
machined joints. The resonant frequencies of joint-mass systems are measured using a non-
contacting laser reflectance system and the derived experimental in-plane rotational stiff-
nesses are found to agree with simulations.

Design guidelines for the selection of the best suited joint shape and length for given
functional requirements such as directional stiffness, selective compliance, and range of
motion are presented. Two examples of joint use in planar micro-mechanisms are given.

XX



1 Introduction

In 1959 the renowned physicist Richard Feynman [7, 8] first predicted the development of
MEMS - Micro-Electrical-Mechanical Systems [26]. In the early 1970s the first micro-ma-
chined product was produced: ink jet nozzles. Today, about 25 years after the introduction

of the first micro-machined product to the market, MEMS research is increasing rapidly.

The name MEMS - Micro-Electro-Mechanical Systems - refers to the fact that

MEMS devices combine mechanical parts as well as electronic parts on a micro-scale.

Probably the most prominent examples of MEMS devices are ink jet nozzles and the
accelerometers which release the airbags in a modern car. Researchers all over the world
are currently working on MEMS devices in areas as different as the aerospace industry and
DNA analysis.

New fabrication technologies have further decreased the minimum size of manufac-
turable devices, giving rise to problems associated with area forces, which predominate on
the micro-scale. Increased sliding friction and stiction severely limit the use of sliding or

rotating structures, such as pin- or slider-joints.

This thesis examines the possibility of taking long slender beams and folding them
into a variety of shapes to connect two links at a fixed distance. Using finite element anal-
ysis models of 93 variations of joints were analysed. The models were used to calculate

joint stiffnesses in various directions as well as resonant modes and frequencies.

Chapter 2 gives background information about the surface micromachining process,
and introduces the motivation behind designing flexible joints.

Chapter 3 introduces the basic designs of the flexible joints examined in this thesis.
It explains the nomenclature (‘H’, ‘I’, *S’, ‘U’, “V’, *X’) and how experimental considera-
tions influenced the design of the joints. SEM micrographs of some of the fabricated joints
are shown.

Chapter 4 introduces Finite Element Analysis and the choice of software. It explains
the reasoning behind using beam models and describes the calculation methods used in this

thesis.
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Chapter 5 presents the primary results of the FE analysis. Results for centres of rota-

tion and stiffnesses for the in-plane rotational and in-plane axial directions are presented.

Chapter 6 presents FEA results for joint properties that exist along with the desired
stiffnesses presented in the previous chapter. It discusses out-of-plane motion, non-linear
joint behaviour, and joint response to force loading. It introduces centrodes and procedures
to calculate the radii of curvature of the centrodes. The results of these calculations are pre-

sented and discussed.

Chapter 7 introduces the experimental methods used to measure the resonance fre-
quencies of fabricated joints. The joints were included in joint-mass systems which allowed
the measurement of the resonant frequency through aerodynamic excitation and transient
response analysis. The experimental results are compared to the simulation results and

found to be in good agreement.

Chapter 8 presents variations of the standard joint layout and examines their influ-
ence on joint behaviour. Double layer joints and joints with non-constant width are intro-

duced. A variation of the H-joint, the Paper-Clip joint, is examined.

Chapter 9 derives rules from the previously presented results and presents guidelines
for designing joints for use in planar mechanisms. Using trends found in the simulation re-
sults rules are derived. and joint design and joint selection guidelines are formulated. These
will allow designers of planar micro-mechanisms to choose the right joint for their require-
ments without the need of an extensive trial and error approach. The chapter also introduces

some example mechanisms that use the joints discussed in this thesis.
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Introduction

Contributions of the Thesis

This research presents the first attempt to systematically investigate flexible micro-joints
using finite element analysis and dynamic testing. The FEA results are verified by compar-
ison to experimental measurements. Conclusions are drawn from the simulation results and

generalisable guidelines are presented.

Limitations of the Thesis

The joints examined in this thesis were designed for fabrication using the Cronos MUMPs
process. The numerical results presented and some of the encountered effects related to the
minimum width and the thickness of the joint beams are specific to the MUMPs process.
The derived guidelines, however, are generalisable and similar results should be obtainable
using different foundry processes.

Since the examined joints were designed for the use in planar micro-mechanisms this
thesis concentrates on the examination of planar motion and related effects. Only specific
properties, primarily in-plane rotational, axial, and lateral stiffnesses, out-of-plane rotation-

al stiffnesses, as well as centrodes were examined.



2 Micro-Machining and Micro-Joints
This chapter gives background information about the surface micromachining process, and

introduces the motivation behind designing flexible joints.

2.1 Surface Micromachining

The most wide spread fabrication methods for MEMS devices are bulk and surface micro-
machining. The research described in this thesis only involves surface micromachined
structures. There are a large number of different processes for surface micromachining.

However, all of them have the same basic concepts in common.

A number of different layers are stacked vertically on top of a silicon wafer. They
usually start with a structural layer directly on top of the wafer followed by alternating sac-

rificial and structural layers. Depending on the process additional layers may be included.

Structural layers make up the final structures. Two structural layers are usually sep-
arated by a sacrificial layer. After all layers have been deposited and patterned the sacrifi-
cial layers are removed using a release etchant. Holes in the sacrificial layers provide
contacts between the structural layers. Chapter 2.1.5 on page 10 outlines the typical fabri-

cation process of a cantilever structure.

2.1.1 Layer Deposition
Although a wide variety of materials can be used in surface micromachining the most com-

mon materials are polysilicon (Poly), phosphosilicate glass (PSG), and metals.

The layers are deposited using a variety of different processes. The choice of process
depends on the type of layer deposited. Processes include thermal oxidation, low pressure
chemical vapour deposition (LPCVD), chemical vapour deposition (CVD), plasma en-
hanced vapour deposition (PECVD) and others. The choice of process along with the ma-
terial and the thickness determines the residual stress in the layer. Furthermore, certain

materials can only be deposited using certain processes.
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Metal layers (e.g. aluminium, gold, etc.) are usually deposited by evaporation or sput-
tering. These layers are commonly used for electrical connections, or as surfaces for mir-

rors or bonding pads.

The fact that different processes require different temperatures limits the order of lay-
ers deposited. For example, once an aluminium layer has been deposited, processes that re-
quire temperatures of more than 660°C, the melting psint of aluminium, cannot be used any
more. Furthermore, around 900°C recombination begins in doped silicon, causing transis-

tors to fail.

2.1.2 Layer Patterning

Once a layer is deposited (Figure 2-1b on page 6) onto the substrate (Figure 2-1a) it is pat-
terned using photolithography. A liquid film of photoresist is deposited on top of the layer
to be patterned by placing a drop in the centre of the wafer and spreading it by spinning the
wafer (Figure 2-1c). In a photographic process, the UV sensitive photoresist is patterned

using an optical stepper or an electron beam (Figure 2-1d).

An optical stepper uses basic geometrical shapes like rectangles or triangles to ap-
proximate the desired pattern. Using optical lens systems the shapes can be reduced in size
to reach minimum feature sizes as low as 0.35pm. Due to restrictions in the wavelength of
light used in this process it is not expected to ever reach minimum feature sizes under
0.1pm. Utilising an electron or ion beam and a process similar to the scanning of a televi-
sion picture feature sizes of less than 0.1 pm can be achieved. Unfortunately the cost of the

equipment seems to be inversely proportional to the minimum feature size.

Using an etchant, which only etches photoresist but not any of the other layers, all
exposed photoresist is removed creating an image of the mask made out of photoresist on
top of the layer to be patterned (Figure 2-1e). With a second etchant, which only etches the
layer to be patterned but not the photoresist, the pattern is transferred to the layer
(Figure 2-1f). Finally, using a third etch, the remaining photoresist is stripped
(Figure 2-1g). What remains is the patterned layer.
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[__1 Layer to be patterned
B Photoresist
B Mask

Figure 2-1: Patterning of a Layer Using Photolithography
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2.1.3 Layout

All devices created for this thesis were fabricated using the Cronos MUMPs (Multi-User-
MEMS-Processes) process. Figure 2-2 on page 8 shows the physical layers of the MUMPs
process while Table 2-1 shows a list of the physical layers and the corresponding lithogra-

phy levels used in the computer layout process.

Table 2-1: The MUMPs Physical Layers®

Physical Layer Material Thickness [um|] | Lithography Level Names
Nitride Silicon Nitride 0.6
Poly 0 Polysilicon 0.5 POLYO
HOLEO
First Oxide Phosphosilicate Glass (PSG) 2.0 DIMPLE
ANCHORI1
Poly 1 Polysilicon 2.0 POLY ]
HOLEI!I
Second Oxide Phosphosilicate Glass (PSG) 0.75 POLY1_POLY2 VIA
ANCHOR?2
Poly 2 Polysilicon 1.5 POLY2
HOLE2
Metal Gold 0.5 METAL
HOLEM
a. see[17]p. 11

Design layouts are created using a 2.5D CAD process. Using computer software (in
this thesis MEMS Pro/L-Edit) the design is created by drawing structures onto different
levels, so-called lithography levels. To simplify the layout process different lithography
levels can be used to shape the same physical level.

There are two types of lithography levels: negative and positive levels, sometimes
known as dark and light levels. Positive levels are patterned by drawing the structures that
will be present in the actual design, while on negative levels the structures drawn will be
removed from the corresponding physical layer, i.e. the holes are drawn. All structural lay-
ers POLYn as well as METAL are positive levels. ANCHOR~ and all other levels are neg-
ative. Table 2-2 on page 9 lists all the lithography levels and their purposes.
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Table 2-2: The MUMPs Lithography Levels?

Leray | e Purpose
POLYO positive | pattern ground plane
ANCHORI1 negative | open holes for Poly I to Nitride or Poly 0 connection
DIMPLE negative ] create dimples/bushings for Poly 1
POLY1 positive } pattern Poly 1
POLY1_POLY2_VIA | negative | open holes for Poly 1 to Poly 2 connection
ANCHOR2 negative | open holes for Poly 2 to Nitride or Poly 0 connection
POLY2 positive | pattern Poly 2
METAL positive | pattern Metal
HOLEO negative | provide holes for POLY0
HOLEI negative | provide release holes for POLY
HOLE2 negative § provide release holes for POLY2
HOLEM negative | provide release holes in METAL

a. see[17]p. 12

There are almost twice as many lithography levels used in the computer layout proc-
ess than actual physical layers present. Extra levels like HOLE1 or ANCHOR? are provid-
ed to simplify the design of etch holes, connections between Poly 2 and Poly 0, etc. To
avoid confusion lithography levels are spelled in capital letters without blank spaces while

the actual physical layers are described using regular spelling.

2.1.4 Design Rules
MUMPs is a multi-user process. This means that chip designs from numerous clients are
collected and fabricated next to each other on the same wafer. Design errors on a chip that
result in free floating structures after the release etch can therefore seriously contaminate
the neighbouring chips. In order to avoid this, Cronos has set 26 mandatory and 19 advisory
design rules.

The mandatory design rules dictate the minimum feature size and spacing of objects
on different levels, as well as the separation of release etch holes on Poly 1 and Poly 2 struc-

tures. The minimum feature size and spacing is governed by the physical patterning proc-
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ess. Large Poly 1 or Poly 2 structures need etch holes at a specific separation in order for
them to be completely released. Violating these mandatory design rules will result in un-

connected, fused, or unreleased structures.

For MUMPs the minimum feature size and spacing is 2 um.

—

Note rounded
corners

Fused
Lines

Figure 2-3: Fused Poly 1 Structure due to Violation of the Minimum Spacing
Design Rule

The advisory design rules regulate interaction between structures on different levels.
For example, layers can only be stacked in certain ways. The rules are based on experience

from previous runs. If these rules are followed Cronos guarantees that the design will be

fabricated.

2.1.5 Device Fabrication

Figure 2-4 on page 11 shows the typical deposition process for a cantilever structure. First
a sacrificial layer (Figure 2-4b) is deposited onto the substrate (Figure 2-4a) and patterned
as described in Chapter 2.1.2 on page 5 (Figure 2-4c). Next a structural layer is deposited
(Figure 2-4d) and patterned (Figure 2-4e). Finally the sacrificial layer is etched away, re-

leasing the cantilever structure (Figure 2-4f).
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Figure 2-4: Typical Deposition Process of a Cantilever Structure
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2.2 Micro-Joints

As laid out in the previous section, surface micromachining uses sacrificial layers to form
thin, high resolution structures on the surface of a silicon wafer with overall dimensions in
the 100um to 1000um range and feature sizes of approximately 1 um to 10um. Complex
micro-structures that mimic macro-scale mechanical devices have been constructed. As on
the macro-scale. the output motion can be reduced or amplified by the use of mechanisms
such as bar linkages with sliding or rotating joints. On the micro-scale, high sliding friction
and high wear rates dramatically limit the use of members involving surface contact and
sliding.

Another limiting factor on the micro-scale is an effect known as stiction. It refers to
the effect that cantilevered structures that come into physical contact with the surface usu-
ally stick to it. The effect is not well understood but is generally assumed to be related to
residual moisture from release etches and humidity. This moisture is believed to cause the

structures to stick to the surface through surface tension.

2.2.1 Scaling Laws
When a macro-scale mechanism design is transferred to the micro-scale, adjustments have
to be made to take into account the fact that physical properties and effects scale differently

during size reduction. This effect is commonly referred to as the scaling laws.

For example, a cube with an edge length of 1 m has a surface area of 6m? and a vol-
ume of 1 m?®. Its surface to volume ratio is 6/m. A cube with an edge length of 1 um on the
other hand has a surface area of 6 um? and a volume of 1 um?. Its surface to volume ratio is
6/um or 6,000,000/m. It is obvious that this dramatic increase in the surface to volume ratio
will result in a change of the dominant forces during the transition from macro- to micro-
scale. While in the macro-scale body (i.e. volume related) forces like weight dominate, area
related forces such as friction or stiction tend to reduce the importance of body forces to

neglegibility on the micro-scale.

Therefore design parts that involve surface contact and sliding have to be replaced by

more suitable designs on the micro-scale.
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Consider a simple cantilevered beam. The stiffness K is given by:
El bh3
Ko E < E e 2-1)
where E is the Young’s modulus, 7 is the cross-sectional Moment of inertia of the
beam (= bh*/12 for a rectangular cross-section with width » and height /4) and L is the
beam length. If all dimensions b, A, and L are scaled by a factor s, the stiffness is propor-

. 3
tional to &£ = ;.
53

The deflection due to gravity 8 is given by:

4
5 = Mg pbhL  pL (2-2)
K K ER

&~

The deflection is proportional to <

2

2
$<.

n

The angular deflection due to gravity 0 is given by:

-8, pL} 2.3
0 Loth2 (2-3)

The angular deflection is proportional to ‘—j =s.

s°

The scaling of the resonance frequency fcan be found from the deflection:

_ 1 Jg Eh?
=1 [Eh 2-4
27Ns < A pLa (2-4)

The frequency is proportional to Ji:% = i . Measurements of resonance and free decay

5
frequencies of oscillations are important because stiffness is difficult to measure on the mi-
cro-scale. Knowing the natural frequency f,, allows the computation of the stiffness from

the relation f, = J/K/m. The mass m can be reasonably accurately computed.
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The Reynolds number Re is given by:

Re = BVL _ VL fI2 25
u R My

where v is the linear velocity, L is the length of the object, p is the density of the fluid,
u is the viscosity of the fluid, and p_ is the kinematic viscosity of the fluid. The Reynolds
number is proportional to 5:2 =s.

Thus, if a 1 cm pin-joint (in air) is shrunk by a factor of 1,000 to 10um, the Reynolds
number decreases by a factor of 1,000 as well. Therefore the micro-joint is effectively sur-
rounded by a 1,000 fold more viscous fluid, say glycerin or heavy machine oil.

Table 2-3 summarises the previous scaling equations.

Table 2-3: Scaling of Stiffness, Mass, Deflection, Angular Deflection,
Frequency and Reynolds Number

Property Scaling
Surface Area/ Volume I/s
Stiffness K s
Mass m s?
Deflection & st
Angular Deflection 0 s
Frequency / s
Reynolds Number Re s

2.2.2 Flexible Joints

The pin-joints used in macro-scale mechanisms are often unsuitable for micro-devices. The
nature of surface micro-machining and the design rules of the MUMPs process make it al-
most impossible to connect two free arms using a pin-joint. The MUMPs process features
three structural layers but only two of those can be released. To form a pin-joint, however,
a third layer would be needed in order to prevent the members from constantly disconnect-
ing. Design rules that require a 4um gap between the pin and the connecting member also

drastically limit the design of pin-joints.
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In addition, as seen above, micro-machines operate at very low Reynolds number.
Therefore viscous forces dominate along with friction and high wear rates, further limiting

the use of pin-joints.

In their place, compliant mechanisms with flexure joints can be used. The flexure
Joints can have the form of long slender beams possibly folded so as to be more compact.
Compliant members that bend rather than slide have been used both at the macro-scale
[19. 20] and at the micro-scale [6, 21, 22, 29]. The function of kinematic joints is to con-
strain and control motion of connected links. Typically, the motion is constrained in most

directions (axes) and controlled in one or two directions.

There are two main disadvantages to flexure joints:
1. They are not totally compliant in the direction of motion, they have a

finite stiffness.
2. They are not totally stiff in the directions of the constraints.

The design of surface micromachined joints is limited by the fabrication technology
which imposes restrictions on joint dimensions, minimum widths and maximum thickness-
es. For example, surface micromachined structures are relatively thin compared to their pla-
nar dimensions, with typical maximum height to width aspect ratios of 1 to 2. Thus, such
joints are relatively stiff in-plane and relatively compliant out-of-plane, complicating the

design of flexible micromachined joints.

Chapter 3 introduces the proposed designs of flexural joints examined in this thesis.



3 Joint Types
This chapter introduces the basic designs of the flexible joints examined in this thesis. It
explains the nomenclature and how experimental considerations influenced the design of

the joints. SEM micrographs of some of the fabricated joints are shown.

3.1 Introduction
As mentioned in Chapter 2.2 the use of pin-joints on the micro-scale is severely limited. In
order to build micro-mechanisms a replacement for pin-joints has to be found. This thesis

examines a variety of flexural joints.

Pseudo classical kinematics can be achieved from flexure of a specially designed
beam. Although the motion from these joints is realised by flexure or bending, a properly
designed compliant mechanism can allow motion that is primarily rotational or primarily

translational.

In order to increase the joint's rotational compliance, the beam length can be in-
creased. To reduce the joint linear size or footprint, the beam can be ‘folded’ into a variety
of shapes. Joints shaped in forms resembling letters, ‘H’, ‘I’, ‘S’, ‘U’, *V~, ‘X", are consid-
ered in this research. Figure 3-1 on page 17 shows the computer layouts of these six basic

joints.

3.2 Design and Nomenclature

The most interesting properties of the different joint designs are their stiffnesses in different
directions, namely in-plane rotation and axial translation. Stiffnesses can be challenging to
measure on the micro-scale due to the difficulty in applying a known force or measuring
the reaction force caused by a specific displacement. However, the natural frequency of a
body is directly related to its stiffness in the respective direction of motion and can easily

be measured.

16
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Figure 3-1: The Six Basic Joint Shapes: H, [, S, U, V, X
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Figure 3-2 shows the schematic layout of the joint-mass setup used to measure the
natural frequency for the horizontal rotational mode of the different joints. The setup con-
sists of two 105 um polysilicon (Poly 1) beams, one anchored to the substrate, the other
connected to a SOpum x50 um endmass.The arms are separated by a 30um gap which will
be bridged by the different joints. In order to increase the stiffness of the arms a second lay-
er of polysilicon (Poly 2) was attached on top of them. The end-mass was designed in two
different versions, a single layer version (Poly 1) and a double layer version (Poly1 and 2).
Dimples were added to minimise possible contacts with the surface thereby limiting

stiction.

Anchor Rigid Arm Flexible Rigid Arm
Joint End Mass
' |
' - .
! ’ ! T !
| 105um | 30um | 105um | Sopm |

Figure 3-2: Layout Schematic of the Joint-Mass Setup (Top and Side View)

The first fabrication run featured three different joint designs: the I-joint, the H-joint,
and the X-joint. The nomenclature originated from the shape of the designs. The H- and X-
Jjoints were fabricated with three different arm lengths. Since all joints were fabricated with
the two variations of end-masses, the first fabrication run resulted in 14 prototypes.

Figure 3-3 on page 19 shows the L-Edit layout schematics for these joints.
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The joint shapes first considered, the H- and X-joint, only differ in the angle o that
the joint arms form with the joint axis. For the H-joint a = 0° while for the X-joint
o = 45°. Later, this prompted the design of a joint with a = 90°, the S-joint. These
joints are all approximately point-symmetric to the centre point of the joint. To examine the
difference in behaviour by asymmetric joints, the U-joint and the V-joint were designed.

These two joints simply represent half an H-joint (U-joint) and half an X-joint (V-joint).
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Figure 3-3: The First Seven Prototypes (Small End-Mass)

Table 3-1: Fabricated Standard Joints

Type F“"Z"l ;:::Tgth Tot:lhtl::nlgth "'(‘f“ Mdentifier
[30 30 30 0° § I_std_O1
H 100 100 47 0° | H_std_o1
H 50 50 271 0° | H_std_02
H 25 25 171 0° § H_std_03
Ue6s 65 261 0° | U_std_o01
X 80 80 458 | 450 | X_std 01
X 45 45 260 45° | X_std_02
X 27 27 158 | 45° | X_std_03
AN 55 258 45° § V_std_01
S 100 100 232 | 90° | S_std o1
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Table 3-1 on page 19 lists the different standard joints fabricated. A complete list of all
joints fabricated and simulated along with exact descriptions of the individual joint designs

can be found in Appendix A.l.

The folded length L¢ describes the dimensions of the folded joints as shown in
Figure 3-4. The total length L describes the length of the unfolded joint.

Free Endmasses

DR ' S €F N
] n n a
Anchor Points

Ly

Figure 3-4: Folded Joint Length L¢ for Various Joints

3.3 Kinematic Equivalents
One of the goals of this research was to build micro-planar mechanisms without the need
for assembly and without kinematic pairs (joints) involving rotating and/or sliding. A pla-
nar kinematic pair with a single Degree-Of-Freedom (DOF) and with a form closure can be
realised by a slide (S) joint or a rotary (R) joint (see Figure 3-5A on page 21). A two DOF
joint can be realised by a rotary-slide that facilitates both sliding and rotating (RS) (see
Figure 3-5B & C).

The micro-mechanisms were designed to be self supporting with no other part touch-
ing the base but the anchors forming the mechanisms’ frames. Simple cantilever beam for-

mulas (8 = PL3/3EI) show that this is true for the lengths considered.
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Figure 3-5: Example Diagrams of Rigid Kinematic Pairs and Their Flexure Counterparts
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3.4 Fabricated Joints

In general the results were promising although many joints were initially stuck to the
ground with part of the end-mass (demonstrating the importance of surface forces such as
stiction and surface tension). A little push with a probe needle, however, easily released the

joint-mass structure. Figure 3-6 shows SEM micrographs of some of the fabricated joints.

Figure 3-6: SEM Micrographs of the Six Basic Joints (CJ2 chip)

The joints described in the previous sections were fabricated on two different fabri-
cation runs using the Cronos MUMPs process provided to the University through the Ca-
nadian Microelectronics Corporation (CMC). CMC’s run identifiers consist of the last two
digits of the run year Y7, the number ## of the run within that year (01, 02, etc.), and MU
for MUMPs: YY##MU, e.g. 9902MU.

Since MUMPs is a multi-user process each fabricated chip has a design designation.

It consists of an / for implementation (or D for design rule check), MU for MUMPs, DT for
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DalTech, and a three letter code ??? for the design. The DalTech MEMS Lab identifier is
IMUDT???, e.g. IMUDTRT?2.

The two chips that featured joint designs used in this thesis were IMUDTRT?2
(9902MU, September 1999) and IMUDTCIJ2 (0002MU, July 2000). RT2 featured I-, H-.
and X-joints with small and large end-masses while CJ2 included all joint designs in a small
end-mass and a special double layer version (see Chapter 8). A complete listing of all chips
manufactured by the Dalhousie MEMS Lab using the MUMPs process can be found in
Appendix E.

The following chapters show results of FEA simulations and experiments conducted

with these fabricated joints.



4 Standard Joint FE Analysis
This chapter introduces Finite Element Analysis and the choice of software. It explains the
reasoning behind using beam models and describes the calculation methods used in this

thesis.

4.1 Introduction

Due to the relatively long turn-around time of the MEMS fabrication process, 14 weeks, a
trial and error approach to component design is not very efficient. One way around this time
delay is putting a large number of copies of the same component on the same chip, each
with slight variations. This way chances are high that at least one of the variations will pro-

duce acceptable results.

In addition to this approach finite element analysis can be used to examine the pro-
posed structures prior to the fabrication process, thereby giving the chance of eliminating
some flawed design variations and replacing them with variations based on FEA results.

This way chip real estate can be used more efficiently.

One major advantage of FEA is the possibility of calculating properties that would be
difficult, if not impossible, to find analytically or experimentally. This is especially inter-
esting for micro-scale components since some properties which are easily measured on
macro-scale components become difficult to determine, for example stiffnesses. On the mi-
cro-scale it is not only difficult to exert a known force on a component but also to exactly
measure the resulting displacement.

The objective of this thesis is to determine various mechanical properties of a variety
of joint designs using finite element analysis and to verify them by comparison with exper-

imentally determined values.

4.2 The Finite Element Method
The finite element method (FEM) or finite element analysis (FEA) is one of the most pop-
ular numerical computing methods in the field of engineering. This can be explained by the

versatility of this method, which is applicable to a wide variety of physical problems.

24
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The basic idea behind this method is as follows: using geometrical and numerical di-
vision a complex, analytically unsolvable problem is split into small, partly linearised sub-
problems. The solutions of these easily solvable sub-problems are then combined to form
the general solution. !

FEA has its origin in statics. Especially in the field of civil engineering shell and
bridge constructions were simulated early on. One of the most famous examples is the roof

of the olympic stadium in Munich, Germany, shown in Figure 4-1.

It was simulated 30 years ago at the Institute of Statics and Dynamics in Stuttgart with more

than 11,000 unknowns.

4.2.1 Areasof Application2

The first application of FEA was probably made in the treatment of linear elastic problems
where so-called matrix methods of elasto-statics were used to examine beams, discs, and
shells as finite elements. Upgrading of the basic elements by increasing the number of
nodes and by introducing higher order displacement approaches resulted in an improve-

ment of this method with regards to computation and in higher accuracy of the results.

1. See[27]p. 1
2. See[10] p. 5f. and [27] p. 2f.
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FEA is increasingly used in many research fields. This can be attributed to the rapid
development of the available computational power accompanied by drastic price drops. It
is now possible to carry out FE calculations on mid-size PCs in an acceptable time frame.
Additionally the increase in user-friendliness and power of the FE software played a large
role in broadening its acceptance. Results that had to be interpreted by hand using metre-

long print-outs can now by graphically evaluated and manipulated in a variety of ways.

In addition to structural analysis the following fields are now common for the appli-
cation of numerical simulations:
* fluid mechanics,
e acoustics,
e dynamics,
e heat transfer,
e modal analysis,
e contact analysis, as well as
e electric and magnetic field analysis.
However, the research in this thesis only required non-linear structural analysis and
modal analysis.
In order to examine interaction effects coupling of different calculation methods is
used more and more often. For example fluid mechanics and structural analysis are coupled

in order to calculate effects in bearings.

It is one of the objectives of this thesis to show that FEA can be used successfully to
study compliant MEMS devices. In addition to its original use to calculate component
stress due to specific loads, FEA is increasingly used as an instrument to better understand
complex effects. In case of the joints examined in this thesis FE analysis is used to calculate
properties of the different joints which are difficult or impossible to determine experimen-

tally.
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4.2.2 General Description of FEA!
The base for the finite element method is to view the examined structure as an arrangement
of a finite number of sub-structures. In this case the matrix formulation is especially useful

for carrying out the numerical calculations.

Characteristic for FEA is the introduction of plane or spatial elements of suitable size
and shape in order to approximately describe a complex continuum. This way a complex

problem is reduced to a large number of simple problems.

The solution consists of three parts:
» Idealisation of the continuum by division into finite elements,
¢ Determination of geometric and elastic element properties,
e Approximate calculation of the idealised total continuum.
It should be emphasised that a crucial difference to the finite difference method is,
that only physical approximations are made, namely the division of the real continuum into
a discrete system of elements and the displacement functions for these elements. No ap-

proximations are necessary during the following mathematical treatment.

=

>» X

Figure 4-2: Two-Dimensional Continuum Divided Into Triangular Elements?®
a. see[13]p.79

1. See[10]p. 153
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The following section will briefly describe the displacement or stiffness method

which is the most commonly used solution method.

4.2.3 The Displacement Method
Elasticity problems form the most important foundation for a large class of calculations in
structural analysis. The approximation treatment using the displacement method of finite

elements uses the following steps:

1. The elastic continuum is geometrically discretised by dividing it into
simple sub-structures, e.g. pyramid or block elements, in three dimen-

sions.

2. The real continuum is idealised by imagining the connection of the
respective elements in discrete nodes, which lie on the element edges.
The displacements of these nodes are introduced as the basic unknown

for the calculations.

3. Within every single element an approximation approach for the dis-
placements is made. Suitable functions are introduced, such that the dis-
placement approach on the element edges is linearly dependent on the
displacements of the nodes and thereby clearly described. Since the
material properties of the real continuum are also valid inside the ele-
ment, the stress and strain inside each element can be calculated from
the nodal displacements using the shape change law of the theory of

elasticity and basic kinematic equations.

4. Equivalent forces are assumed at the nodes in order for the strains inside
the elements to be statically equivalent. Only the total equilibrium of the
element can be satisfied this way. In certain regions within the element
the equilibrium relations might be violated.

This way the most important elastic properties of an element are

1. See[10]p. 153 ff.
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expressed by a linear relationship between nodal forces and nodal dis-
placements. This relationship is called the stiffness relation. From the
resulting stiffness matrices of the single elements the stiffness matrix of
the whole continuum can be constructed by suitable transformation into
a global coordinate system.

For the construction of the stiffness matrix of an element the choice of a

suitable displacement approach is of crucial importance.

. The nodal displacements of all elements fulfil the requirement of the

W

consistency of the displacements. From the condition for the approxi-
mate fulfilment of the equilibrium in the whole continuum, idealised
using finite elements, the following system of equations can be

deducted:

> 2

K-u=F @“4-1)

with the stiffness matrix K, the nodal displacement vector #, and the
nodal force vector ;")‘ . Basically the nodal displacements can be calcu-
lated for given nodal forces using this system of equations. Normally.,
however, a few displacements are already given, e.g. constraints, mak-

ing it neces to re-order the system of equations.
g sary Y q

6. Using the known stiffness properties the distortions inside the elements
can be calculated from the actual nodal displacements. Through appro-
priate averaging the stress and strain distribution of the whole examined
elastic component can be approximated using the stresses and strains of

the individual elements.

A more in-depth description of the individual steps is not feasible here. The interested read-

er can find more information in [10, 13, 35].



Standard Joint FE Analysis 30

4.2.4 Coupled Energy Domains
Micro-electro-mechanical (MEM) devices tend to make the FE analysis more difficult as
they usually combine two or more of the fields mentioned above. These coupled energy do-

mains require a coupled analysis.

Many MEM devices contains coupled energy domains. For example the coupling in
the case of the condenser microphone becomes stronger with smaller distances between
backplate an membrane as well as smaller thicknesses of membrane and backplate [25].
This is more likely to occur in a micro-device than in a macro-device.

Other examples are micro-pumps [33], involving a coupling of fluid dynamics with
thermodynamics and structural mechanics, and micro-motors, combining structural me-

chanics with structural dynamics and electro statics [5].

Fortunately the joints examined in this thesis did not required coupled analysis.

4.3 FEA Models
As explained in Chapter 4.2 the finite element method uses a discretised model of the con-
tinuum that is examined. Using a software package a model is created using a pre-proces-

sor. In this pre-processor the geometry is created and meshed with elements.

4.3.1 FEA Software

In the 1999 winter term a directed study was conducted by the author examining the differ-
ent available simulation tools for microsystems. The final report reccommended the use of
ANSYS as the simulation tool of choice due to its being relatively inexpensive and provid-
ing most of the necessary functionality. The complete report can be found as Appendix F
of this thesis.

Following the recommendation of the report an ANSYS/University High license was

acquired in September 1999 which was used for all simulations in this research.
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4.3.2

Since ANSYS does not allow the user to specify units it is the users responsibility to make

Units

sure that the entered numerical values are in the correct relationship. This can be achieved
by simply using standard MKS (SI) units for all input values. For the simulation of MEMS,
however, it is more useful to use the yMKS unit system since all length inputs will be in
microns. tMKS units use 1 pm as the standard unit for length, keeping 1kg as mass, and 1s
as time unit. The following table lists the basic and derived units in the MKS and the uyMKS
system along with multiplicators to transfer a value from MKS to ptMKS:

Table 4-1: Mechanical Conversion Factors for MKS to uMKS?

l:':::;:itce‘:_' MKS Unit Dimension M“':':;;:Z ':l'his J\:l?Sb tl:;::: ¢ Dimension
Length m m 108 pm pum

Mass kg kg 1 kg kg
Time s s 1 s s
Force N kg-m/s? 108 uN kg-um/s?
Stress Pa kg/m-s? 10°6 MPa kg/um-s?
Young’s Mod- | Pa kg/m-s? 1076 MPa kg/um-s?
ulus

Density kg/m? kg/m? 10718 kg/pm’® kg/um?

a. see[l]ch. 1.3

4.3.3 Material Properties
In order to accurately simulate the behaviour of a component the FEA solver has to be pro-
vided with properties of the used materials. The following property values were used in all

FE simulations:

Young’s Modulus: E = 169 GPa = 169 - 10° fﬁ‘; @-2)

Poisson’s Ratio: v = 0.22 4-3)

Density: p = 233058 = 233. 107" k& (4-4)
m? pm?



Standard Joint FE Analysis 32

The values for these material properties vary significantly throughout the literature.
For example Sharpe [28] cites Young’s Modulus as 169+6GPa, this value was used as it
applies directly to MUMPs layers. Other researchers such as Kahn [15] and Koskinen [18]
cite values of 150+30GPa and 175+25GPa. Thus there remains a large range of measured

values for Young’s modulus.

4.3.4 Solid vs Beam Model
ANSYS provides 189 different element types for use in discretising a continuum. The ele-
ments used in structural analysis can be divided into five basic types:

LINK elements can be used to simulate spars and trusses. No bending or tor-
sion of the element is considered. Nodes have translational degrees of
freedom.

BEAM elements can be used to simulate beams. Bending and torsion of the
element are taken into account. Nodes have translational and rotational
degrees of freedom. The element shape function is based on the beam
theory.

PLANE clements can be used to make 2D models of solid structures. No
bending or torsion of the element is considered. Nodes have translational
degrees of freedom.

SHELL elements can be used to model thin solid structures (e.g. mem-
branes). The thickness of the element has to be small compared to its lat-
eral dimensions for the underlying theory to be valid. Bending and
torsion of the element are taken into account. Nodes have translational
and rotational degrees of freedom.

SOLID elements are used to model 3D solid structures. No bending or tor-
sion of the element is considered. Nodes have translational degrees of
freedom. Therefore several layers of elements have to be used in order to
account for torsion. Linear or higher order shape functions are associated

with the elements.
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Considering the shape of the examined joints, LINK, PLANE, and SHELL elements
are not suitable for their simulation. BEAM and SOLID elements can be used to model the
joints accurately. In order to choose the right element, two models of an H-joint were cre-

ated: one using only SOLID elements, the other only using BEAM elements.

Solid Model

In order to create the solid model the geometric information from the 2.5D layout editor
was combined with knowledge of the manufacturing process and an exact three dimension-
al model was created in the ANSYS pre-processor. The process was very tedious and auto-
mation of the process for use with different joint layouts would have been very difficult.

The manual creation of the prototype model took about two days.

Figure 4-3: Solid Model of an H-Joint (close-up)

The finished geometric model was meshed using SOLID95 - 3D 20-Node Structural
Solid - elements. The meshed model consisted of 14,626 elements and 31,390 nodes with
a total number of 20,384 degrees of freedom. The standard modal analysis took about 2.5
hours on a Sun SPARCS with 64 MB of RAM.
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Figure 4-3 on page 33 shows a close-up of the joint area of the solid model. It can be
observed that even the connection area between the arm and the joint is accurately mod-
elled. Note that every black line in the picture represents the boundary of one element. Due
to the fine detail of the model all elements have to be relatively small resulting in a very

large number of elements.

Beam Model

In contrast to the solid model the beam model takes advantage of the fact that the micro-
structures to be examined are made up from flat, long, relatively slender parts. Using
BEAMI189 - 3D Quadratic Finite Strain Beam - elements the structure is first divided into
parts, each of which is then assigned a specific beam cross-section and meshed with beam

elements.

Figure 4-4: Beam Model of an H-Joint (close-up)

Unlike in the solid model only black lines perpendicular to the beam axis represent
an element boundary. For example the cross-section of the thin joint section does not con-
sist of four elements but only of one. It can be observed in Figure 4-4 that the areas in which

the thin joint is connected to the arms are not as accurately modelled as in the solid model.
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This results in a slight inaccuracy in the results but since this area is not crucial for stiffness

calculations the influence was considered to be minor.

The meshed model consisted of 292 BEAM189 elements with 877 nodes resulting in
a total of 3504 active degrees of freedom. The standard modal analysis on the SPARCS5

took 30 seconds for this model to complete.

Comparison

Table 4-2 shows the comparison of the solid and the beam model from the previous sec-
tions. It can be seen that for the performed standard modal analysis (first five modes) the
reduction of the number of degrees of freedom by a factor of six resulted in a decrease in
the solution time by a factor of three hundred. This enormous reduction in solution time can
be explained in part by the decrease in matrix size by a factor of 36, which should result in
an equal reduction of solution time, but mainly by the ability of the computer to fit the com-
plete model into the main memory and the resulting decrease in necessary slow input-out-

put operations.

Table 4-2: Comparison Solid/Beam Model

Solid Model Beam Model Difference

DOFs 20,000 3,500 +5.7
Solution Time 9,000sec 30sec +300

Freq. Mode 1 5.82kHz 5.78kHz -0.70%
Freq. Mode 2 6.03kHz 6.00kHz -0.51%
Freq. Mode 3 45.33kHz 45.19kHz -0.30%
Freq. Mode 4 46.46kHz 46.39kHz -0.16%
Freq. Mode 5§ 54.77kHz 54.81kHz +0.07%

The resonance frequencies calculated using the two models do not differ significant-
ly. The principal mode is undercalculated by less than one percent using the beam model
and the differences are even less for the higher modes. These differences were to be expect-
ed since the solid model approximates the prototype structure more closely than the beam

model. However, since not even the solid model represents the prototype completely accu-
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rately, we can simply accept this 1% error as a systematic error for all results and exploit

the huge difference in required solution time.

Since the beam model also proved to be a lot easier to parametrise and adjust, all sim-

ulations were made using beam models.

4.4 FEA Methods
Once a FE model has been created it can be used to calculate results to a variety of given
problems. In this thesis two different solution methods were used to calculate results: Mo-

dal Analysis and non-linear Static Analysis.

4.4.1 Modal Analysis!
Modal analysis is used to determine the natural frequencies and mode shapes of a structure.
As mentioned in Chapter 3.1 the natural frequency is directly related to the stiffness, but far

more easily measurable.

For free vibration, the equation of motion for an undamped system with constant

stiffness and mass effects can be expressed in matrix notation as

Y >
M-u+K-%=0 (4-5)

with mass matrix M, stiffness matrix K, and displacement vector .

For a linear system, free vibrations will be harmonic of the form

u= ¢7), - cos(w;t) (4-6)

_>
with eigenvector ¢; representing the mode shape of the ith natural frequency and the i*" nat-

ural circular frequency o;.

Thus, equation (4-5) becomes:

-> >
(-0?M+K)-¢; =0 4-7)

1. see[3]ch. 173
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> >
This is an eigenvalue equation. In order to get non-trivial solutions (¢; # 0) the de-
terminant of (—» ?M + K) has to be zero. This means that the basic task of a modal analysis

reduces to solving the following equation:

[Fo?M+ K| =0 (4-8)
This eigenvalue problem may be solved for up to n values of ®? and n eigenvectors
-.)
¢; which satisfy equation (4-7), where n is the number of DOFs.

Every eigenvalue-eigenvector pair defines a mode of free vibration of the structure.

The it eigenvalue ®? has the following relationship with the it natural frequency:

;
= 4-9
fi= 52 -9
Each eigenvector (or mode shape) is normalised such that:
>T ->
o, -M-¢, =1 4-10)

ANSYS provides several methods to solve this eigenvalue problem. All have their
advantages and disadvantages. Since the beam model used results in relatively small prob-
lems it was decided to use the Subspace method to extract the eigenvalues and mode

shapes. Details about this and the other offered methods can be found in [3] Chapter 15.10.

4.4.2 Non-Linear Static Analysisl

If a structure experiences large deformations, its changing geometric configuration can
cause the structure to respond non-linearly. An example would be the fishing rod shown in
Figure 4-5. During the loading of the rod its geometric configuration and therefore the act-
ing moment arms change, thereby influencing the stiffness of the rod. Geometric non-line-
arity is characterised by “large” displacements and/or rotations. Any displacement and/or
rotation that changes the geometry enough to change the resulting stiffness is considered
“large”. For example, during the axial loading of the joints examined in this thesis, their

geometry changes causing a change in axial stiffness (see Chapter 6.4).

I. see[2]}ch.8
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Figure 4-5: A Fishing Rod Demonstrates Geometric Non-Linearities?

a. see [2] Figure 8-2

ANSYS uses a “Newton-Raphson™ approach to solve non-linear problems. In this ap-
proach, the load is subdivided into a series of load increments. Before each solution, the
Newton-Raphson method evaluates the out-of-balance load vector, which is the difference
between the restoring forces (the loads corresponding to the element stresses) and the ap-
plied loads. The program then performs a linear solution, using the out-of-balance loads,
and checks for convergence. If convergence criteria are not satisfied, the out-of-balance
load vector is re-evaluated, the stiffness matrix is updated, and a new solution is obtained.

This iterative procedure continues until the problem converges.

In order to take into account any geometric non-linear effects, a specified load is ap-
plied gradually in a selected number of substeps. For example, a 100 uNum moment is ap-
plied in ten steps of 10 uNum. Each of these substeps take the result of the previous substep

as the starting point.

Figure 4-6 on page 39 shows 16 different loadsteps with their respective loads as
used for the stiffness calculations in the following chapters. Eight of the loadsteps are di-
vided into 10 substeps. These represent in-plane and out-of-plane moment loads applied in
positive and negative direction first at one end and then at the other end of the joint. They
are separated by loadsteps with no load applied. These loadsteps are used to let the system

relax and go back into its load free state before applying the next load.

Using this method it was possible to examine in-plane and out-of-plane behaviour in

one calculation.
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Figure 4-6: Loadsteps for In-Plane and Out-of-Plane Rotational Stiffness Calculations



S Primary FEA Results

This chapter presents the primary results of the FE analysis. Results for centres of rotation

and stiffnesses for the in-plane rotational and in-plane axial directions are presented.

5.1 Introduction
Since the purpose of the joints examined in this thesis is to connect links in planar mecha-
nisms their most interesting properties are the in-plane rotational stiffness and the in-plane
axial stiffness. This chapter presents the results for these two properties of “ideal joints”
while Chapter 6 will discuss other properties and effects discovered during the FE analysis.
Note that due to the large range of values of Young’s modulus in the literature (see
Chapter 4.3.3 on page 31) all FEA results will be presented with two significant figures on-
ly. In order to limit the data to a comprehensible amount, only the FEA results for joints
actually manufactured are listed in this chapter. The results for all examined models can be
found in Appendix A. Note that for the graphs and the regression analyses the results from

all models were used.

5.2 Centre of Rotation
Rotational stiffnesses are defined as the quotient of an acting moment M and the resulting
angular displacement 6 . Since a force F at a distance d from the centre of rotation induces
amoment M = F-d- sin(a), the location of the centre of rotation for the joints is an im-
portant property.

Consider a cantilever beam of length L subjected to an applied force F, or a moment
M, with a deflection & and an angular deflection 6. The centre of rotation measured from

the fixed end can be found by

= L_Mx (5-1)

CORy = L= [Max

DI,

where M is the total moment given by M = IF odx + M.

40
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For an I-joint of length L subjected to a pure force load (M = F oX » see Figure 5-1a).
the centre of rotation is at L/3. For the same beam subjected to a pure moment (M = M, .
see Figure 5-1b), the centre of rotation is at the centre of mass L/2. As the moment arm is
increased the moment acting along the beam approaches a constant value and the centre of
rotation approaches the centre of mass. For the I-joint with a test force applied at a distance
of 170 um the difference between the centre of rotation and the centre of mass is approxi-

mately 0.3%.

L

Figure 5-1: Centre of Rotation for a Cantilever Beam

For joints of folded length L; symmetric to their centre, the centre of rotation for a
pure moment input is located at the centre of the joint. For force input the centre of rotation
can be approximated by the centre of mass if the force is applied at a distance of at least
3-L¢ (see Chapter 6.3) from the centre of rotation. FE simulations and experimental obser-

vations support this approximation.

Unlike the other joints, the U- and V-joints are not symmetric to the centre of the
joint. The centres of mass and rotation are shifted towards the side of the joint arms (to-
wards the anchor point in case of the examined joint-mass systems). In first approximation
the centre of rotation is shifted backwards by L,/2. In order to get a more accurate position

of the centre of rotation for all joints it was calculated using FEA.

Figure 5-2 on page 42 shows the geometric calculation of the centre of rotation of the
Joints between two load steps. The positions of two monitored points at the end of one load-
step are labelled A and B. The positions of the respective points after the following loadstep

are labelled A’ and B'. The point where the perpendicular bisectors to the lines connecting
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A with A’ and B with B’ intersect is the current centre of rotation. All four points lie on the

circumference of a circle around this centre of rotation.

A
Figure 5-2: Calculation of the Centre of Rotation

This centre of rotation moves during the application of different loads. Chapter 6.5
describes this effect in detail. To calculate the centre of rotation for zero load, an average
was taken of the calculated slopes and line centres from the smallest positive and the small-

est negative loadstep.
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As expected, for pure moment load, the centre of rotation for standard H-, I-, S-, and
X-joints was found to be at the centre of the joint. Figure 5-3 on page 43 shows the FEA

results found for all joints.
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Figure 5-3: Centre of Rotation for U- and V-Joints for Different Joint Length (FEA)

Using linear regression and the respective formulas that relate folded and unfolded
joint length from Table A-4 on page 138 the following formulas for the axial distance of

the centre of rotation from the centre of the joint for all joints were derived:

CORy | s x = 0.000L;+0.00 (5-2)
CORy; = —0.488L;+8.87 = —0.488L, +1.55 (5-3)
CORy = —0.498L;+8.90 = —0.498L, + 1.43 (5-4)

It can be seen that the initial assumption of a shift by 0.5L, for U- and V-joints is

close to the actual position of the centre of rotation.
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5.3 Resonant Modes

As described in Chapter 4.4.1 resonance frequencies and the respective mode shapes for a
given structure can be calculated using modal analysis. In this part of the simulation the
beam models of all joint variations were analysed using the Subspace method provided by

the ANSYS software. The first six modes of the joint-mass systems were extracted.

Table 5-1 shows the types and order of modes found for the various joints. Out-of-
plane rotational (OP Rot), in-plane rotational (IP Rot), axial, and torsional (Tors) first and

second modes were encountered

Table 5-1: FEA Predicted First- and Higher-Order Modes for Various Joints

J°;::’1Lyr"‘ Lipm| | Mode1 | Mode2 | Mode3 | Mode 4
130 30 OPRotl | IPRot1 | Tors 1 OP Rot 2
H 100 471 OPRotl | [PRotl | OPRot2 | Axial 1
H 50 271 OPRot1 | IPRot1 | Axial | Tors 1

H 25 171 OPRot!l | IPRot1 | Axial I Tors 1

X 80 458 OPRot1 | IPRot1 | Axial | Tors 1

X 45 260 OPRot1 | IPRot1 | Axial 1 Tors 1

X 27 158 OPRot1 | IPRot1 | Axial 1 Tors 1

S 100 232 OPRot1 | IPRot1 | Axial | Tors 1
U 65 261 OPRot1 | IPRot1 | Axial 1 Tors 1

V 55 258 OPRotl | IPRot1 | Axial l Tors |

Since these joints will be used in planar mechanisms the interesting modes for this
research are the first in-plane rotational mode and the first axial mode. As can be seen from
Table 5-1 these are modes two and three for most joints. The rest of this chapter will discuss
the stiffnesses for these two modes. The fact that the first out-of-plane rotational mode is
mode one for all joints will be discussed in Chapter 6.2. The higher modes are not central

to this thesis, were not observed experimentally, and will therefore not be discussed.
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Figure 5-4 shows the mode shapes of the first four modes of an H 50 joint as top and

side views.

1.0P Rot 1 2.IPRot 1
—___’__-_ L

3. Axial 1 4. Tors 1

— ] — —

—-__——-—_Jﬂ

Figure 5-4: Mode Shapes of the First Four Modes of an H 50 Joint
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5.4 In-Plane Rotational Stiffness
As mentioned before, the in-plane-rotational stiffness is the key feature of the joints. The
softer the joint is in the in-plane rotational direction, the closer it is to a pin-joint (assuming

all other stiffnesses are bigger).

Figure 5-5: In-Plane Rotational Motion

Using non-linear analysis the in-plane rotational stiffness of the joints was calculated
by applying a series of moment loads in the in-plane direction and extracting the resulting
angular displacements. One end of the joint was fixed and the other end was subjected to a
100uN pm moment applied in ten steps in both positive and negative direction. To calculate

the stiffness the applied moment was divided by the resulting angular displacement.

Table 5-2: In-Plane Rotational Stiffness Kg of Various Joints (FEA)

"°;""‘dTLyrpe U:::::;d sl:?rrl:.l:s:el fﬁ‘:.ﬂ?lﬁ
L [pm] Ko
130 30 7,500
H 100 471 480
H 50 271 830
H 25 171 1,300
X 80 458 490
X 45 260 870
X 27 158 1,400
S 100 232 970
U 65 261 860
V55 258 870
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Table 5-2 on page 46 shows the calculated stiffnesses of selected standard joints. The
complete list of values can be found in Appendix A. It can be observed that the in-plane
rotational stiffness decreases with increasing total unfolded joint length. Furthermore the
stiffness does seem to depend on the total unfolded joint length only and not on the type of
joint, i.e. the shape the joint is folded into.

Since during in-plane rotation all bending moments occur in the plane of the folded
joint, all joint segments are subjected to bending only. A pure moment load is constant over
the whole joint. Therefore each joint segment is subjected to the same bending moment re-
gardless of its orientation. Consequently the in-plane rotational stiffness should only de-

pend on the total unfolded joint length.
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Figure 5-6: In-Plane Rotational Stiffness Ky for Various Joint Types and Lengths (FEA)
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Figure 5-6 on page 47 graphs the in-plane rotational stiffnesses of various standard
Joints over the total joint length. It can be observed that all joints lie on the same curve. Us-
ing regression analysis the following equation for the in-plane-rotational stiffness was

found with a coefficient of determination R? = 1.00:

- Npm (250um\!% _ Ef
K. = 900K ( - EI 5.5
9 rad L ) L (5-3)

In order to make the formula more comprehensible it was adjusted to a normal joint
length of 250 um. An analysis of the original formula showed that its coefficient is exactly
the product of Young’s modulus and cross-sectional moment of inertia. Therefore the for-
mula for the in-plane rotational stiffness can be simplified to K, = EI/L. This is the for-
mula for the rotational bending stiffness of a cantilever beam. This means that the shape of
the joint has no influence on the in-plane rotational stiffness which agrees with the expec-
tations.

The in-plane rotational stiffness was found to be constant over the examined load
range (-100puN pum to +100uN um).

Figure 5-7 on page 49 replots the FEA results for the in-plane rotational Stiffness Ky
from Figure 5-6 on page 47, multiplying the stiffness by a normalised length (/250 um).
As shown in the figure, for all joints: K- (L/250pum) = constant = 900uN umrad-!
(for this material and cross-section). This agrees with equation (5-5) that was found using

regression analysis.
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Figure 5-7: Normalised In-Plane Rotational Stiffness Kg-(L/250um) for Various Joint
Types and Lengths (FEA)
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5.5 In-Plane Axial Stiffness

Unlike the in-plane rotational stiffness the in-plane axial stiffness is a translational stiff-
ness. Therefore it was calculated by applying a series of forces onto one end of the joint,
while holding the other end fixed, and calculating the resulting linear displacement. Only

the displacement in axial direction was considered in this section.

>

X

Figure 5-8: In-Plane Axial Motion
Table 5-3: In-Plane Axial Stiffness K, of Various Joints (FEA)

D e [
L [pm] K,
130 30 23,000
H 100 471 22
H 50 271 4.2
H25 171 73
X 80 458 0.63
X 45 260 28
X 27 158 51
S 100 232 1.0
U 65 261 46
V55 258 -

As expected, for each joint, shorter means. stiffer.

Since the resulting stiffnesses proved not to be constant for the applied forces, the

resting stiffness was calculated as an average of the stiffnesses from the smallest applied
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force in compression and tension. Chapter 6.4 discusses the geometric non-linearities caus-

ing these stiffness variations.
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Figure 5-9: Axial Stiffness K, for Various Joint Types and Lengths (FEA)

For long joints the stiffness can be expected to be highest for joints with most joint
segments oriented in axial direction (H, U). The lowest can be expected for the S-joint with
most of its segments perpendicular to the direction of motion.

Figure 5-9 shows a plot of the resting in-plane axial stiffnesses over the total joint
length. H- and U-joints are axially stiffest since most of the joint segments are oriented in

the same direction as the applied force. The H- and U-joint’s axial stiffnesses are almost
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identical for large joint lengths with an increasing difference towards shorter joints where
the curved joint segments, which differ between the joints, gain more influence.

X- and V-joints have intermediate axial stiffnesses since most of their joint segments
are at a 45° angle with the acting force. Since the X-joint has more curved joint segments
in line with the acting force its stiffness is higher than that of the V-joint.

The S-joint is softest in axial direction since most of its joint segments are perpendic-
ular to the acting axial force.

Table 5-4 lists the in-plane axial stiffness of five long joints with approximately equal

total joint lengths. It can be observed that the stiffness is lower for higher joint arm angles.

Table 5-4: Long Joints: Axial Stiffness K, Governed by Joint Arm Angle

Joi Unfolded Joint Arm In-Plane Axial
Tomt Length Angle Stiffness [uN/um|
Pl Lipm) o K,

U 1is 461 0° 24
H 100 472 0° 2.3
X 80 458 45° 0.63
VvV 90 457 45° 0.23
S 200 432 90° 0.15

For shorter joints the curved segments of the joints tend to dominate the behaviour.
Table 5-5 on page 53 lists the lengths of the curved parts of five short joints with approxi-
mately equal total joint length. It can be observed that the in-plane axial stiffness is higher
the longer the curved segments of the joint are. This means that the stiffness no longer de-

pendent on the angle of the joint arms.
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Table 5-5: Short Joints: Axial Stiffness K, Governed by Curved Joint Length

son [ Utoked f Cored Leng | fecPiare A
Type |/ um| L [pm] K,

X 27 158 94.8 9.1
U 40 161 84.8 8.8
H 25 171 81.4 7.5
V37 159 65.0 5.4
S 38 182 43.7 2.3

The following equations for in-plane axial stiffness were calculated with a coefficient
of determination R = 1.00 using regression analysis. In order to make the formulas more

comprehensible they were adjusted to a normal joint length of 250 um:

1.25
U-joint: K, = 50BN . (250um) (5-6)
: pm L
1.19
H-joint: K, = a.7bN . (230um) (5-7)
’ pm L
2.50
X-joint: K, = 298N . (250um) (5-8)
: um L
2.99
V-joint: K, = 148N (230um) (5-9)
pm L
319
S-joint: K, = 083N . (250um) (5-10)
’ pum L

According to these equations the axial stiffnesses for H- and U-joints are approxi-
mately inversely proportional to the total joint length. This is consistent with a straight
beam subjected to tension or compression (X « "L—E ). The S-, V-, and X-joints are approxi-
mately proportional to 1/L3. This is consistent with a cantilever beam loaded at the end
(Ko f-sl ).

Figure 5-10 on page 54 plots the in-plane axial stiffness normalised to a joint length

of 250pm (K, - (L/250um)) versus the total joint length. It can be seen that the normalised
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stiffness for H- and U-joints is approximately constant, which confirms the equations
above. X-, V-, and S-joints, however, do not show a constant normalised stiffness, which

is also reflected in the equations above.
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Figure 5-10: Normalised Axial Stiffness K, -(L/250um) for Various Joint Types and
Lengths (FEA)



6 Secondary FEA Results

This chapter presents FEA results for joint properties that exist along with the desired stiff-
nesses presented in the previous chapter. It discusses out-of-plane motion, reaction to force
loading, and non-linear joint behaviour. It introduces centrodes and procedures to calculate

the radii of curvature of the centrodes.

6.1 Introduction
While the previous chapter focused on the results for the “ideal’ joint, the in-plane rotation-
al and axial stiffnesses, this chapter describes the other properties present, which define a
“real” joint:

* Joint motion in out-of-plane rotational direction

» Lateral joint response to force (instead of moment) loads

¢ Non-linear behaviour of the joints
* Motion of the centre of rotation during loading

6.2 Out-of-Plane Rotational Stiffness
As can be seen in Table 5-1 on page 44 the lowest mode for all joints is the out-of-plane

rotational mode. Table 6-1 shows the calculated out-of-plane stiffnesses for various joints.

Table 6-1: Out-of-Plane Rotational Stiffnesses K, of Various Joints (FEA)

snint ype | Untoded | Outa Plane Rotaionl { Scifvs
and L,
L {pm] K, K,/ Ky
130 30 7,500 1.00
H 100 471 460 0.95
H 50 271 760 0.92
H 25 171 1,200 0.88
X 80 458 410 0.83
X 45 260 720 0.83
X 27 158 1,200 0.84
S 200 432 370 0.71
S 100 232 710 0.72
S50 132 1,300 0.74

55
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A comparison between the in-plane rotational stiffnesses (Table 5-2 on page 46) and
the out-of-plane rotational stiffnesses (Table 6-1) shows that they are close, with the out-
of-plane stiffness being 5-30% lower than the in-plane stiffness. Two trends can be ob-

served within this relationship:

1. With decreasing joint length the ratio of the out-of-plane to the in-plane
rotational stiffness seems to decrease for H-joints, stay approximately
constant for X-joints, and increase for S-joints.

2. The ratio between the out-of-plane and in-plane rotational stiffnesses is
closest to 1 for H-joints, intermediate for X-joints, and smallest for S-
joints.

Both phenomena are caused by the different shapes of the joints. During in-plane ro-
tational motion the joints are subjected to an in-plane bending moment. Since this bending
moment is acting in the same plane as the shaped beam is situated in, all parts of the joint
are subjected to bending (Figure 6-1a). During out-of-plane rotational motion, however,
the bending moment is acting in a plane that is perpendicular to the joint plane and to the
joint axis. Therefore only joint elements parallel to the joint axis are subjected to bending,

while joint elements perpendicular to the joint axis are subjected to torsion (Figure 6-1b).

Bending

Bending Torsion

Figure 6-1: In-Plane Versus Out-of-Plane Motion (Top View)
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The bending stiffness Kj,e,g and torsional stiffness K\ of a cantilevered beam with

a square cross-section are given by:

_ EI . _at )
Kiend = a with / = 5 (square cross-section) (6-1)
Ko = GTK with K' = 0.1406a* (square cross-section) (6-2)

where a is the width of the square beam. For a cantilevered beam of 250 um length and a
square cross-section of 2umx2um this yields Ky = 900uNum/rad and
Kiors = 620uN um/rad. Note that K is the torsional section property of the beam not a stiff-

ness.

Therefore the joint stiffness can be expected to be lower the more joint segments are
subjected to torsion during the motion. Consequently the H- and U-joints should show the
smallest difference between the in-plane and out-of-plane rotational stiffnesses, while the

S-joint should show the largest difference (approx. 0.69 = K /K, . 4)-

For H- and U-joints the decrease in length increases the ratio of joint segment lengths
that are subjected to torsion to those subjected to bending during the out-of-plane motion,
thereby decreasing the stiffness ratio. The opposite effect can be observed for the S-joint.

For X- and V-joints the ratio stays approximately constant.

Figure 6-2 on page 58 shows the out-of-plane rotational stiffnesses plotted versus the
total unfolded joint length. It can be seen that the H- and U-joints show the highest out-of-
plane rotational stiffness, followed by the X- and V-joints, and the S-joint.

Since the H- and the U-joint have approximately the same ratio of joint segments sub-
Jected to bending versus torsion their out-of-plane rotational stiffness were expected to be
roughly the same. This is confirmed in Figure 6-2. The same effect can be observed for the
X- and the V-joint. The difference between the stiffnesses become smaller with increasing
joint length. This can be explained with the part of the joints that differ between H and U,
and X and V respectively, becoming short compared to the total joint length, thereby de-

creasing its influence on the stiffness. The S-joint shows the lowest stiffnesses. This is con-
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sistent with the fact that most of its joint segments are subjected to torsion rather than
bending.
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Figure 6-2: Out-of-Plane Rotational Stiffness Ky for Various Joint Types and Lengths
(FEA)

Over a range from -100uNum to +100puN um the out-of-plane rotational stiffnesses

of the joints were found to be constant.
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Using regression analysis the following formulas for the out-of-plane rotational stiff-
nesses were found with a coefficient of determination R* = 1.00. In order to make the for-

mulas more comprehensible they were adjusted to a normal joint length of 250 um:

-ioint: — erouNum (250pm) %92 2
H-joint: K, = 8206 ( . ) (6-3)
0.92
U-joint: K, = g2obNEm (2509"‘) (6-4)
rad
1.01
X-joint: K, = 750ENED . (2509‘“) (6-5)
rad
. Num (250pum) 00
V' N K = p p . E 6_
joint s = 740 3 ( 7 ) (6-6)
- <ouNpum (250um)!03
S-joint: Ky = 650 ( ) 6-7)
rad
All joints: K, = 900“““’“-(250“‘“)"00 (6-8)
) 0 rad L

The exponent in the equations above is approximately 1 for all joints. The coeffi-
cients are between Kyepng = 900pNum/rad and K, = 620puNpum/rad for a 250 um can-
tilever beam with the S-joint closest to K, and the H- and U-joints closest to Kienq. This
backs up the previous assumption that the separation of the out-of-plane rotational stiff-
nesses is caused by different amounts of the joints subjected to bending versus torsion. Note
that the equation (6-8) for in-plane-rotational stiffness has K4 as the coefficient. This re-
sults from all joint segments being subjected to bending during in-plane rotation.

Figure 6-3 on page 60 plots the out-of-plane rotational stiffness normalised to a joint
length of 250 um (K (L/250 pm)) versus the total joint length. A linear relationship can be
observed for all joints. All normalised stiffnesses are lower than the pure bending stiffness

Kpend and higher than the pure torsional stiffness K, (also shown in Figure 6-3).
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H- and U-joints show the highest normalised stiffness, X- and V-joints intermediate,

and S-joints the lowest. This is in good agreement with the predictions.
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Figure 6-3: Normalised Out-of-Plane Rotational Stiffness K4 (L/250 um) for Various
Joint Types and Lengths (FEA)

The fact that the proposed use for the examined joints is within in-plane mechanisms
makes the closeness of the out-of-plane and in-plane rotational stiffnesses undesirable. Es-
pecially since the joints appear to be softer in out-of-plane direction than in the in-plane.
Unfortunately this is the direct result of the layer thickness and minimum feature size of the

Poly 1 layer in the MUMPs process which result in a square cross-section.
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The MUMPs process offers an unsupported method to create structures with a higher
aspect ratio by combining the Poly 1 and Poly 2 layers. Using this process joints with a
thickness to width aspect ratio of 3.5:2 were created. Since this process is unsupported and

difficult to combine with regular structures, the results for these joints will be discussed in
Chapter 8.
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6.3 In-Plane Lateral Stiffness

Chapter 5.4 described the reaction of the joints to a pure moment load. It resulted in a rota-
tional displacement. If the load is a force F, applied at a distance d from the centre of rota-
tion of the joint in the in-plane lateral direction, the resulting displacement is a combination
of the rotational displacement due to the moment M, = F d induced by the force and the
translational displacement due to the force itself. Thus, the resulting motion is actually a

two DOF motion.

Figure 6-4: In-Plane Rotational Motion Due to Pure Moment (a) and Pure Force (b)

Figure 6-5 shows the resulting two degree of freedom displacement of an H 100
joined due to a force load of F, = 1uN at a distance d = 150 um from the centre of rota-
tion (in this case the centre of the joint). The force results in a rotational displacement

8 = F,d/Ky and a translational displacement Ay = F /K, .

Ayl

= AVirans

o] T -

Ay

Figure 6-5: Two Degree of Freedom Motion
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In order to find the in-plane lateral stiffnesses K, of the various joints a series of forc-
es (-10uN < F_ < 10uN) was applied at the ends of the joints (d = 15um). Using the in-
plane rotational stiffness Ky calculated in Chapter 5.4 the angular displacement 6 due to
the force induced moment was calculated. The linear displacement of the joint end point in
lateral direction due to this angular displacement was calculated as Ay,,, = dsin6. Sub-
tracting this distance from the total displacement in lateral direction calculated by ANSYS
yielded the displacement due to translation Ay,,.. = Ay, — Ay, - The in-plane lateral

stiffness K, was then calculated using X, = F /Ay .

By applying the force load at different distances from the centre of rotation it was ver-
ified that the value of K, does not depend on the position of the applied force. However,
since the induced moment is linearly dependent on the distance of the inducing force from
the centre of rotation the relative importance of the resulting translational displacement be-
comes smaller the further away the force is applied. In first approximation the relative im-

portance can be described by

A,Vrot = Ky (6'9)
AVians Kg/d?

Table 6-2: “Safe” Distance d,, for Various Joints (FEA)

Joint “Safe” Distance

Type d,
I 3.0-L¢ 3.0-L
H 3.5-L¢ 0.60-L
U 3.0-Lg 0.70-L
X 3.5-Lg 0.55-L
\% 2.5-Lg 0.50-L
S SOpum SOum

Using this formula a “safe” distance d,, can be found for which the translational dis-
placement is only 1% of the rotational displacement, i.e. for which the load can be treated

as pure moment. For H-, U-, V-, and X-joints this distance is between 2.5L¢and 3.5L; or



Secondary FEA Results 64

between 50% and 70% of the total joint length. For the S-joint the distance is constant at
approximately d, = 50um.

Figure 6-6 plots the in-plane lateral stiffness over the total unfolded joint length. H-,
U-, V-, and X-joints show similar stiffnesses with H- and U-joints being softer than X- and
V-joints. This is a result of the force acting perpendicular to the majority of the joint seg-
ments for H and U while acting under a 45° angle for X and V. The S-joint was calculated
as being much stiffer than the other joints. This results from the fact that most joint seg-

ments of the S-joint are in parallel to the applied force.
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Figure 6-6: In-Plane Lateral Stiffness K, for Various Joint Types and Lengths (FEA)
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Using regression analysis the following equations for the in-plane lateral stiffnesses
of the various joints were calculated with coefficients of determination RZ = 1.00. In order
to make the formulas more comprehensible they were adjusted to a normal joint length of

250pum.

3.09
U-joint: K, = 3.1LN-(25—°&‘) (6-10)
um L
3.28
H-joint: K, = 418N (250um) (6-11)
um L
Sioint: - 46BN . (250um)27 -
X-joint: K, 4.6um( . ) (6-12)
i oint: ~ 534N (250pm)>7 ]
V-joint: K, 5'3um ( 7 ) (6-13)
Sioint: — 2cpN  (250pm)072 _
S-joint: Ky 35um( 7 ) (6-14)

It can be observed that in the equations for the H-, U-, V-, and X-joints the exponents
are approximately 3. This is consistent with a cantilever beam loaded at the end (x « f_s'[ ).
The equation for the S-joint, however, has an exponent close to 1. This is consistent with a
straight beam in tension or compression (K « ATE )-

The high in-plane lateral stiffness of the S-joint allows the treatment of a force load

as a pure moment load making it closest to an “ideal joint”.
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6.4 Non-Linear Joint Stiffness

As mentioned in Chapter 5.5, the calculated axial stiffnesses were not constant but varied
with the magnitude of the applied force. Figure 6-7 shows how the stiffness of an H 100
joint changes with the magnitude of the applied force. Compression is described with a neg-
ative force magnitude, tension with a positive one. For the H 100 joint the axial stiffness

varies by more than 50% between largest applied forces in tension and compression:

. . Keomo — K,
Stiffness variation equals ﬂﬂlg—‘ﬂs .

tens
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Figure 6-7: Stiffness Non-Linearity in Applied Force for an H 100 joint

Figure 6-8 on page 67 shows the reason for the stiffness change. The pictures on the
left side show an H 100 joint in compression (exaggerated). The top picture shows the un-
loaded joint. The two pictures below show the joint with axial compression loads of SuN
(centre) and 10uN (bottom) as calculated by ANSYS. The pictures on the right show the
Jjoints with axial tension loads of SuN (centre) and 10uN (bottom). The change of the joint
shape during the loading sequence changes moment arms and therefore the moments in-
duced by the applied force. Just like for the fishing rod in Figure 4-5 on page 38 these ge-

ometric non-linearities cause the axial stiffness to change with the applied load.
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Figure 6-8: Shape Change of an H-Joint During Axial Loading (FEA, exaggerated)

This effect is larger for longer joints. It also varies greatly with joint shape. The larg-
est variation in stiffness can be examined for the H-joint (see Table 6-3). This was to be
expected since even a slight change of orientation in the long joint arms of the H-joint caus-

es a significant change in axial stiffness.

Table 6-3: Stiffness Variation for Various Joints Between a 10uN Compression
and a 10uN Tension Load (FEA)

Joint Type Unfolded Stiﬁness Va;iation
and L, IL‘el"g“‘ Keomp ~ Kiens
um] Ktens
H 100 471 50%
V90 457 39%
X 80 458 36%
U 115 461 18%
S 200 432 12%
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Figure 6-9 shows the same effect observed in an experimental setup. The left pictures
show an H 100 in compression by a probe needle while the right pictures show an H 100

joint in tension.

Compression Tension

Figure 6-9: Shape Change of an H-Joint During Axial Loading by a Probe Needle
(Large Force Used for Demonstration)
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6.5 Centrodes

Chapter 5.2 calculated the centre of rotation (COR) for the joints in the resting position us-
ing finite element analysis. It was observed that as the load changed the location of the COR
changed. The path of the COR during loading is called the centrode. The centrodes can be

used to make an accurate kinematic model of the joint.

Introduction!
For a pure rotary (pin) joint the centre of rotation is independent of the load. It is fixed at

the position of the pin.

Since compliant joints cannot be pure rotary joints, the position of the centre of rota-
tion can be expected to move during loading. The successive positions of the COR form a
path called the centrode.

Since a compliant joint connects two links, there will be two centrodes associated
with any one centre of rotation (one for each link). These are formed by fixing one link and
rotating the other, then swapping the links.

Figure 6-10a on page 70 shows the location of the COR /' »~ (between two loads ap-
plied to link 2) while keeping link 1 anchored. Because link 1 is stationary, or fixed, the
path formed by the CORs is called the fixed centrode. By temporarily inverting the mech-
anism and fixing link 2, as shown in Figure 6-10b, link 1 can be moved and the location of
COR I} 1+ (between two loads applied to link 1) can be determined. Since in the original
linkage link 2 was the moving link this is called the moving centrode. Figure 6-10c shows
the original linkage with both fixed and moving centrodes superimposed.

If the joint is replaced by two cams with the fixed and moving centrode as contacting
surfaces, rolling the moving centrode against the fixed centrode produces motion identical

to the motion produced by the original joint (see Figure 6-10d).

1. see [24] p. 207f.
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a. The fixed centrode

fixed centrode . 2

b. The moving centrode

.,."‘ v . moving centrode

c. The centrodes in contact

d. Roll the moving centrode against the fixed centrode to produce the same
motion as the original joint.

equivalent cams

Figure 6-10: Fixed and Moving Centrodes of a Joint Link System

70
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FEA Results
Figure 6-11 shows the centrodes for the four symmetric joint types. Each marker (x or +)

indicates the position of the current centre of rotation in 1° rotation steps for the links. The
underlying grey areas show the position of the actual joint.

The locations of the centres of rotation were calculated by loading the joints with pure
moment loads in 20 steps for each centrode. The loads were chosen so as to cause a 1° an-
gular displacement per load step. Due to the pure moment loading the lateral stiffness K,

has no effect on the location of the COR.

The centrodes of the U- and V-joint are shifted towards the anchor point and are
therefore located in the link, outside the actual joint. The centrode is located at the position
of the resting COR presented in Chapter 5.2. This makes kinematic models of the U- and
V-joints more difficult. Otherwise the shape of the centrodes are similar to the shape of the

H- and X-joints’ centrodes.

Considering only symmetric joints (I, H, X, S) the distance that the centre of rotation
moves in axial direction during loading seems to be related to the axial stiffness K, of the
Joints. For the axially stiffest joint, the I-joint, the COR moves less than 0.1 um in the axial
direction during loading. For the axially softest joint, the S-joint, the COR moves the fur-
thest of all joints. Note that even for the S-joint the COR only moves +2pum in axial direc-
tion between the -10° and +10° position. For a bridged gap size of 30um and a total joint

length of over 200 um this is not a large change.

The combination of the axial and lateral travel of the centre of rotation results in a
variation of the angle of the centrode with the lateral axis. As the in-plane axial stiffness of

the joints decreases the angle of the centrode with the lateral axis increases.

Table 6-4: Angle of Centrodes for Various Joints

Joint Type and L¢ | Unfolded Length [um] | Centrode Angle

130 30 0°
H 50 271 59°
X 45 260 66°

S 100 232 78°




Secondary FEA Results

—e

20,

20, . . - I TR re o= s ;
{130 | L : SR : HS50
i | ! : . i
; . ! ? : : - -
10- : : . H . . ' . ; |oi_ .
: -10° L-10° ! : ‘ 10°
= 2 ; T ;
E - - . - i H - * .
2 i {3 ! ‘.i‘f -10°
2 o3 Y b 0 " :
2 oo 0° §o° i % o0 i ol :
a - ! a "‘J 0° ]
> 1 > ! °
g . { S 10 AJ"'
o . \ S ; ,f;
: : v Tee
ol L S St
.z_oi f . o . . . PN 205 1 BN e e '
-2.0 -1.0 0.0 1.0 290 2.0 -1.0 0.0 10 20
COR X-Posttion (um]| COR X-Position (um]
¥
20 ‘ : - - 20; : :
X 45 : : - Si100
10 ' 10— R —
100, - - ‘ | :
T X 3 T L J0°
2 “;5-"' J0° i E ! = _5;:_’4,
§ 0° ,-"‘ § H : i 0° x 8 ¥ ~10°
2 oo 2 oo . _mat —
< 00 T« o ] - 0° »
> o 2% > .lon' S = :
z 10° .5 R e :
S - ; S e | i
10° ! ! I f
10- 1.0 . H - .
. : . i i | l
- i i : i ;
. lr T ! * ! ; 7
i ? i ! : f !
-20- Ce e P . . . : 204 . . —
20 -1.0 0.0 10 20 -20 -1.0 0.0 10 20
COR X-Position [um] COR X-Pesition [um}
X Fixed Centrode + Moving Centrode
t .
| —Fit (Fixed Centrode) — Fit (Moving Centrode) |

Figure 6-11: Centrode of I 30, H 50, X 45, S 100 (Shaded Area Represents Joint Beam)
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Radius of Curvature
In order to be able to numerically compare the influence of the joint shape on the centrodes
the radius of curvature of the centrodes at the 0° location was calculated. This was achieved

by taking the COR locations at 1°, 0°, and -1° and fitting a circle through them.

CRC NS o, Moving centrode
* radiusof ' % Soen-
curvature .
.
Y
'
'
. 1 fixed centrode
—_— -

Figure 6-12: Radius of Curvature of a Centrode at Location of 0° COR

Note that since all three points are located close to each other on the same side of the
circle, a small change in location of the points can result in a large change in result for the
circle. Therefore the results (Radius of Curvature and CRC = Centre of Radius of Curva-
ture) are given as integer values only. Note results for the fixed and the moving centrodes

are similar but slightly different.

Table 6-5: Radii of Curvature of Centrodes for Various Joints

Joint Type Ul?eleg(:;d Fixed Centrode [pum]| Moving Centrode [um]|

and L jum] | Radius | CRC, | CRC, | Radius | CRC, | CRC,
I30 30 9 -9 0 9 9 0
H 50 271 15 -8 -13 15 8 13
X 45 260 18 -7 -17 17 7 16
S 100 232 25 -6 25 25 5 24
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The radius of curvature of the centrode seems to be related to the axial stiffness of the
joint. The axially softest joint, the S-joint, has the largest radius of curvature, while the ax-
ially stiffest joint, the H-joint, has the smallest radius of curvature. The H-joint is closest to

a pure rotary joint which as zero radius of curvature.

Figure 6-13 shows the radii of curvature of various joint types graphed versus the to-
tal unfolded joint length.
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Figure 6-13: Radii of Curvature for Various Joint Types



7 Standard Joint Experiments
This chapter introduces the experimental methods used to measure the resonance frequen-
cies of fabricated joints. It presents experimental results found using two different methods

and compares them to FEA results.

7.1 Introduction

As mentioned before, the desired properties of the joints to be measured were their stiff-
nesses in different directions. At the present time, direct stiffness measurements of micro-
Jjoints are not easily attainable in the Dalhousie MEMS Lab due to the difficulty to apply a
known force or to measure the reaction force to a known displacement. Stiffness, however,
can be measured indirectly via a resonance test. To facilitate such tests oscillating joint-
mass systems were fabricated (see Figure 3-2 on page 18). A typical resonating system
consisted of a joint bridging a 30 um gap connecting two rigid 105 um long arms and a large
square pendulum mass (50 um x 50 um). One arm was stationary and its end anchored to the
substrate, the other arm was free to oscillate. The arms and end-masses were 2um or 3.5um

thick. The cross-section of the beam forming the joints was approximately 2 umx2um.

7.2 Experimental Methods

A series of tests was performed on surface micro-machined polysilicon micro-joints to ex-
perimentally measure the stiffness and range of motion of the joints. A static test of deflec-
tion was performed using a probe manipulator with the deflected device viewed through a
CCD camera and video monitor. The I-joint was very stiff and showed little range of mo-
tion. The H-joint had a larger range of motion but was limited by the closely spaced joint
loops. The X-joint had the largest range of motion. The other joints had intermediate rang-

€s.

7.2.1 Non-Contacting Laser Reflectance System
Due to the small size of the structures, classical macro-scale measurement techniques are
not possible. The measurement of the natural frequencies of the joints was carried out using

a non-contacting laser reflectance system (see Figure 7-1 on page 76).

75
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Eyepiece [ ]

or Camera
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0.25% Red

Beamsplitter Photodetector

100%

DC Lamp
Red Reflector Laser Diode
Pan/Tilt Adjust Beamsplitter ony, z - stage

Objective

ﬁ | | White Light
X - Blue-Green Light
MEMS Sample on _
X, Y, Z - Stage - Red Laser Light

Figure 7-1: Schematic of the Non-Contacting Laser Probe Microscope System
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A modified microscope with a co-axial laser probe allowed simultaneous observation
of the device and optical testing. By moving a micromachined sample on an x-y table, dif-
ferent parts of the micro-device can be moved under and sampled by the fixed laser beam.
There is a difference in the reflectance of the light as the arm or end-mass passes through
the beam, hence the frequency of vibration can be measured by noting the change in inten-
sity of the reflected light received by a photo detector. Resonance frequencies above
200kHz can be measured with this apparatus, although the frequencies discussed here
ranged from 2 to 20kHz.

Photo
Detector

Fibre Optic
Light Source

Probe
Positioner

Figure 7-2: Photograph of the Non-Contacting Laser Probe Microscope System
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The apparatus was originally designed by Ted Hubbard and James Wylde and later
improved by Ralph Wilke (see [31]).

The joint-mass systems were excited using one of two methods: 1) Aerodynamic ex-
citation using compressed air through a hypodermic needle (forced dynamic behaviour).
The compressed air excitation was found to provide a white noise source up to approxi-
mately 200 kHz. 2) Micro-probes were used to ‘flick’ the joints. The probes were used to
deflect the end-mass and then moved axially until the end-mass was released suddenly,

thereby exciting the joint (transient dynamic behaviour).

7.2.2 Aerodynamic Excitation

The principle behind aerodynamic excitation is that of forced dynamic behaviour. A struc-
ture subjected to an excitation force spectrum consisting of white noise (all frequencies
present with same amplitude) will start vibrating at its natural frequency. This phenomenon
is the basis for wind instruments and referred to as the ‘reed’ effect. In the case of aerody-
namic excitation the white noise excitation force spectrum is provided by directing a stream

of compressed air flowing through a hypodermic needle onto the joint-mass system.

Microscope
Objective

Hypodermic
Needle

Probe Needle
Chip

Figure 7-3: The Hypodermic Needle Air Excitation Setup
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Through a series of pressure gauges and valves the university compressed air supply
is connected to a hypodermic needle mounted on one of the probe manipulators. Shortly
after exiting the hypodermic needle the airflow becomes turbulent and provides a white

noise excitation source!. Figure 7-3 on page 78 shows a photograph of the setup.

The position of the needle and the strength of the air flow strongly influence the qual-
ity of the excitation. Best results were achieved by positioning the needle on the anchor side
of the joint-mass setup and directing the flow towards the end-mass. The exact position and
height of the needle has to be determined using a trial and error approach since it differs
from joint to joint. The air flow should be set to the minimum strength that still excites vi-

bration. If the flow is too strong, the end-mass touches the ground during vibration.

Figuré 7-4: Photograph of Resonating X-Joint with Laser Reflection
(Aerodynamic Excitation)

Figure 7-4 on page 79 shows a resonating X 80 joint-mass system with the laser spot.
Since the camera records 30 frames per second and the joint-mass system vibrated at 6kHz,

the image is blurred and shows part of the path of the vibrating system.

1. see[32]
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While the joint-mass system completes one physical vibration cycle the arm passes
the laser spot twice. Therefore the measured optical frequency is twice the actual mechan-
ical frequency. This can be taken into account be measuring the frequency using every sec-
ond peak in the recorded spectrum. Figure 7-5 on page 80 shows the recorded trace of a

resonating X 45 joint-mass system.
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Figure 7-5: Oscilloscope Trace of a Resonating X-Joint (Aerodynamic Excitation)

7.2.3 The ‘Flick’-Test

When a spring-mass system is excited by a suddenly applied non periodic excitation F{),
the response to such an excitation is called transient response, since steady-state oscilla-
tions are generally not produced. Such oscillations take place at the natural frequencies of

the system with the amplitude varying in a manner dependent on the type of excitation. !

This is the basis for the ‘flick’-test which records the response of the system to an im-
pulsive excitation force. Using a probe needle the free end-mass is displaced in the direc-
tion of horizontal rotational motion and then suddenly released. Figure 7-6 on page 81

shows a displaced system just before release. While returning to its rest state the joint-mass

1. see[30] p. 89
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system oscillates around the resting position. Due to damping the amplitudes of these os-
cillations get rapidly smaller and cannot be seen with the human eye. The oscillations die

out after approximately 4 ms.

In order to record the frequency of these oscillations, the laser probe microscope in-
troduced in Chapter 7.2.1 was used. The output of the photo detector was connected to an
oscilloscope and a spectrum analyser. The oscilloscope was used to record the decaying os-

cillations while the spectrum analyser recorded the frequency spectrum of the oscillations.

Figure 7-6: Manually Displaced Joint-Mass System

Figure 7-7 on page 82 shows the oscilloscope trace of the decaying oscillation of a
U-joint in response to a ‘flick’ excitation. It can be observed, that after 3ms the oscillation
amplitude has decayed enough to disappear in the background noise. This poses a problem
for the spectrum analyser. In order to get a better frequency resolution of the recorded spec-
trum, the sampling time has to be increased. For a frequency span of 0 to 12.5kHz a FFT
resolution of 100 bins results in a frequency resolution of 0.125kHz with a required sam-
pling time of 8s. Increasing the number of bins to 200 increases the frequency resolution to

0.0625kHz but also increases the required sampling time to 16s.!

1. see [23] p. 2-9fF.
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Figure 7-7: Recorded Oscilloscope Trace of a Decaying Oscillation of a U-Joint
(‘Flick’-Test)

-28.973 dBVpk

Figure 7-8: Recorded Spectrum Analyser Trace of the Transient Response of a U-Joint
(‘Flick’-Test)
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Since the actual signal is only present for 3 or 4ms the recorded frequency spectrum
is contaminated during the rest of the sampling time. This results in a broadening of the fre-
quency peak in the spectrum. Reducing the sample time, however, results in a lower fre-
quency resolution, broadening the frequency peak due to the larger bin size. A test of all
the different settings found the 200 bin setting with a 12.5kHz frequency span to work best.
Figure 7-8 on page 82 shows a frequency spectrum recorded with these settings.

In practise, it proved to be more accurate to get the frequencies from time based
measurements off the oscilloscope rather than the spectrum analyser.

A set of step-by-step instructions for the ‘flick’-test can be found in Appendix D.2 on

page 174.

7.2.4 Calculation of Corresponding Stiffnesses
Once resonance frequency of a joint is measured, the corresponding rotational stiffness can

be calculated using the following formula:
K
r= L. J; (7-1)
T Nlyy

KO. exp (2nf;xp)2 ) Iyy (7-2)

which yields to

with the in-plane rotational stiffness K ., the measured resonance frequency fexp» and

the mass moment of inertia 1, about the out-of-plane axis.
The free arm and the free end-mass of the joint-mass system combined are much
heavier than the actual joint itself (21.4ng vs. 4.4ng, H 100). Therefore, in first approxima-

tion, only those two are considered in the calculation of the mass moment of inertia.
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7.3 Experimental Results
The seven joints fabricated on the RT2 chip were measured using aerodynamic excitation.
All 24 joints on CJ2 were only tested using the ‘flick’-test since this proved to be the less

invasive and less time consuming method.

7.3.1 Aerodynamic Excitation

Using aerodynamic excitation the resonance frequencies of the seven joints fabricated on
RT2 were measured in the large end-mass variation. The method provided good results but
was very tedious in execution. The position of the hypodermic needle as well as the mag-

nitude of the air flow greatly influenced the vibration of the joint-mass systems.

For every joint five measurements were made and the average and standard deviation
were taken. Figure 7-5 on page 80 shows a typical trace of a vibrating joint. Table 7-1 lists
the measured result along with the corresponding FEA calculated frequencies. It also shows
the stiffnesses calculated from the experimental frequencies using equation (7-2), as well

as the corresponding stiffness calculated using FEA.

Table 7-1: Measured and FEA In-Plane Rotational Resonance Frequencies and
Stiffnesses for Various Joints (Large End-Mass, Aerodynamic Excitation)

Joint Type Ulzlef::lt:;d Frequency [kHz| Stiffness [uNum/rad|
and Ly L llﬁﬂl Exp. FEA Exp. FEA
130 30 16 = 1 18 5000 = 600 7500
H 100 471 42 = 0.1 45 340 = 20 480
H 50 271 52+ 02 6.0 530 + 40 830
H 25 171 6.5 = 0.2 7.6 820 + 50 1300
X 80 458 45 = 0.1 4.6 390 = 20 490
X 45 260 59 = 0.2 6.2 680 = 50 870
X 27 158 7.6 £ 0.2 7.9 1100 £ 60 1400

It can be observed that the measured frequencies and stiffnesses are fairly close to the
predicted frequencies and stiffnesses. The measured values appear all to be lower than the

predicted values. Reasons for that will be discussed in Chapter 7.4 on page 89.
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Figure 7-9: Two Joints Vibrating Side-by-S;l: ‘

In general the aerodynamic excitation method proved to deliver good resuits but also
to be rather destructive. Since the joint-mass systems on the chip were spaced relatively
close in order to fit a large number of them onto the limited space available, it was never
possible to excite only one joint alone. Figure 7-9 shows an X 80 joint vibrating between
an I 30 and an X 45 joint. The X 45 joint appears black because it is lifting off the surface

due the air flow. Just a slight change in air flow could cause the X 45 joint to vibrate as well.

Because different joints also required different magnitudes of air flow for excitation
it happened fairly often that the air flow needed to excite one joint proved to be too large
for its neighbour, which was destroyed in the process. Figure 7-10 on page 86 shows the
result of a misguided air-flow. The rotor of a torsional comb-drive was displaced approxi-
mately 400pm. Since it is connected to the substrate by a very soft spring it was not dis-
troyed. Due to their higher stiffness the joints examined in this thesis were usually
destroyed upon contact with misguided or overly strong air-flows.

Since this destructive side effect was highly undesired due to the small number of
chips (fifteen) that were available for testing, an alternative method was sought and found

in the ‘flick’-test which proved a lot less invasive and also faster to conduct.
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100/m

Figure 7-10: Destructive Power of Aerodynamic Excitation

7.3.2 The ‘Flick’-Test

As described in Chapter 7.2.3 the ‘flick’-test is based on the response of a joint-mass sys-
tem to the manual displacement and sudden release of the end-mass using a probe needle
(see Figure 7-6 on page 81). The ‘flick’-test proved to be much easier in execution than the
aerodynamic excitation. It also was much less invasive. Joints could be excited one at a
time.

In order to get accurate measurements the resonance frequency was calculated by
measuring the period of ten oscillations using the digital oscilloscope, dividing it by ten and
taking the inverse. This was done for five independent measurements and an average value
along with a standard deviation was calculated. The spectrum analyser proved to be too in-
accurate for the reasons described in Chapter 7.2.3 and was therefore only used for com-
parison.

The measurements proved to be very well reproducible resulting in small standard
deviations. The resolution of the digital oscilloscope was taken into account as a systematic
error. Table 7-2 lists the measured frequencies along with the calculated stiffness values

and the corresponding FEA predicted values.
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Table 7-2: Measured and FEA In-Plane Rotational Resonance Frequencies and
Stiffnesses for Various Joints (Small End-Mass, ‘Flick’-Test)

Joint Type U:::lg«:;d Frequency [kHz] Stiffness [uNpm/rad|
and Ly L [pm] Exp. FEA Exp. FEA
130 30 20 + 1 24 4800 = 500 7500
H 100 471 54 + 0.1 6.1 350 + 10 480
H 50 271 74 + 0.1 82 660 + 20 830
H25 171 95 = 0.1 10 1100 + 20 1300
X 80 458 54 + 0.1 6.2 350 = 10 490
X 45 260 75 = 0.1 84 680 = 20 870
X 27 158 9.8 + 0.2 1 1200 + 50 1400
S 100 232 7.7 £ 0.1 89 720 + 20 970
U 65 261 64 + 0.1 7.0 690 = 20 860
V55 258 64 £ 0.1 73 650 + 20 880

Just like in the aerodynamic excitation measurements it can be observed that all the
measured values are lower than the values predicted using FEA. Nevertheless they are still

close to the predicted values.

7.3.3 Damping

The resonance frequency is decreased by damping:

Ofamped = (1-GH)0] (7-3)
where @, = 2nf, is the undamped circular resonance frequency and ¢ is the damping fac-
tor. £ was measured from the exponential decay of the experimental measurements as
shown in Figure 7-11 on page 88, and found to be approximately 0.06 to 0.08. Note that
the laser beam is gaussian (non-linear) which means that the recorded signal amplitude is
not the exact amplitude of the motion. Therefore £ is only an approximation. Measure-
ments of the frequency spectrum half-width yielded similar results. While this high value
of £ will have a significant effect on the amplitude of the signal as shown in Figure 7-11,
it has little effect on the resonance frequency. From equation (7-3), fdamped "fn = 0.994,

and damping will be ignored in fand K calculations.
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The quality factor Q is related to £ by

_ 1
0-2 (7-4)

Thus the quality factor for the joint-mass systems ranged from 6 to 8. This is a rela-
tively low value of O, however it is similar to values reported in the literature [11, 34]. For

example Zhang reported micro-resonators vibrating in air with Q’s of 16-18.

it "& d 'UMVAVA AR

————— A A - L R KGRV U U S SN ——

Figure 7-11: Exponential decay of transient response: £ = 0.06 and Q = 8.
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7.4 Discussion
Figure 7-12 shows both experimental and FEA in-plane rotational stiffness values.
Figure 7-13 on page 90 graphs the experimental and FEA stiffness values normalised to a
joint length of 250 um.

Error bars were omitted in the graphs since the encountered errors were too small to
register in the graphs (see Table 7-2 on page 87). Note that the given errors are only statis-
tical errors and the systematical error encountered in reading the time for 10 cycles off the

oscilloscope.
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Figure 7-12: In-Plane Rotational Stiffness Ky for Various Joints (‘Flick’-Test and FEA)
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Figure 7-13: Normalised In-Plane Rotational Stiffness Kg-(L/250 um) for Various Joints
(‘Flick’-Test and FEA)

The experimentally measured stiffnesses agree well with those from the FEA simu-
lations, consistently underestimating them to within approximately 10% for shorter joints

and to within approximately 20% for longer joints.
This is predominantly due to three factors:
1. The beams were vibrating in air, not a vacuum as simulated, and thus
were subjected to a small amount of damping (see Chapter 7.3.3).

2. The joint anchors (attachments to the substrate) are not infinitely stiff,

thus adding compliance to the system, which was not accounted for in
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the FEA simulation. This will decrease the measured resonance frequen-
cies of the joints (see [9] and [16])).

- A likely contributor to the stiffness variation is a mismatch between the
value of Young’s modulus used in the FE simulations and that of the
actual material used in the devices. As mentioned in Chapter 4.3.3 a
large range of measured values for Young’s modulus can be found in the
literature. For example Sharpe [28] cites Young’s modulus as

169+6 GPa, this value was used as it applies directly to MUMPs layers.
Other researchers such as Kahn [15] and Koskinen [18] cite values of
150+30GPa and 175+25GPa.

The natural frequency is related to Young’s modulus by f« /K77 and
K< E, thus fc JE. A given offset in E will return a corresponding off-
set in /2 and K. The observed values of the in-plane rotational stiffness
in Figure 7-12 were well fit using 146 GPa for Young’s modulus of poly-

silicon.
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7.5 External Measurements

Some of the joints designed for this thesis were also measured by two other groups in April
of 2001. A group of senior undergraduate mechanical engineering students used joints on
the RT2 chip to test their compact micro-positioner design project. Dr. Manfred Jericho
from the Department of Physics measured the stiffnesses of some joints on the RT2 chip

using atomic force microscopy.

7.5.1 Compact Micro-Positioner

For their final year design project Creelman et al. [4] designed a compact micro-positioner
(CMP) that can be used to directly measure forces and therefore stiffnesses of MEMS de-
vices. In order to test their design they measured the in-plane axial stiffnesses of a series of
H- and X-joints. Table 7-3 lists the measured values along with the predicted stiffness using

FEA. The measured stiffnesses are in good agreement with the predicted values.

Table 7-3: Measured and FEA Axial Stiffness of Various H- and X-joints (CMP)

Joint Type Unfolded Stiffness [uN/pm|
and L Length

f L [pm) Exp.* FEA
H 100 471 19 =+ 0.4 23
H 50 271 30+ 06 42
H25 171 94 £ 1.9 7.5
X 80 458 } 0.59 + 0.12 0.63
X 45 260 23 £ 05 2.7

a. see[4]p.61
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7.5.2 Atomic Force Microscopy

Dr. Manfred Jericho from the Department of Physics at Dalhousie University uses atomic
force microscopy (AFM) to measure osmotic pressure of bacteria. In order to capture live
bacteria a MEMS device was designed for this purpose. During the design process an RT2
chip was lent to Dr. Jericho for preliminary testing. He also measured the in-plane axial
stiffnesses of a series of H-joints. Table 7-4 list the measured stiffnesses along with the pre-
dicted FEA values.

Table 7-4: Measured and FEA Axial Stiffness of
Various H-joints (AFM)

Joint Type U]_',‘:::lg‘:;d Stiffness [uN/pmj
L Exp.* FEA

H 100 471 2.8 = 0.1 225

H 50 271 45 + 04 4.22

H25 158 6.6 £ 0.4 7.51
a. see[14])

The measured values are in good agreement with the predicted values. Note that the
predicted stiffness is the resting stiffness, i.e. when no force is acting. As described in
Chapter 6.4 geometric non-linearities cause the in-plane axial stiffness to vary with the ap-
plied force. Especially for long joints higher experimental stiffness values can be expected

for a compressive load. This is in good agreement with the measured values.



8 Joint Layout Variations
This chapter presents variations of the standard joint layout and their influence on the joint
behaviour. Double layer joints, joints with non-constant width, and the paper-clip joint are

introduced.

8.1 Introduction

The results from Chapters 5 and 6 brought up a question: Can the ratios between the stiff-
nesses be influenced by means other than the joint shape? First to be considered was the
fact that all joints turned out to be softest in out-of-plane direction, which was undesirable
for their use in planar mechanisms. An unsupported process for the production of double
layer joints was tested with mixed results. Secondly the effect of increasing the widths of
selected joint segments was examined. Thirdly, the possibility of decreasing the arm spac-

ing for the H-joint was examined.

8.2 Double Layer Joints

As mentioned in Chapter 6.2, the fact that the out-of-plane stiffness turned out to be the
lowest stiffness for all joints is undesirable for their use in planar mechanisms. The low out-
of-plane stiffness makes it easier for elements of large mechanisms like the micro-stages
introduced in Chapter 9.3 to touch the substrate and stick to it, thereby negatively influenc-
ing the behaviour of the mechanisms. Note that these surface contacts are normally initiated

by impact forces on the chip and not by gravity.

The only way to make the joints stiffer in out-of-plane than in the in-plane direction
is to increase their thickness to width ratio by either increasing their thickness or decreasing
their width. Unfortunately the layer thickness in the MUMPs process is fixed to 2um for
the Poly 1 layer and 1.5um for the Poly 2 layer. Furthermore, the minimum feature size of
the MUMPs process is 2um. This allows for a maximum thickness to width ratio of 1:1,

which is the aspect ratio of the discussed standard joints.

However, in its design handbook for the MUMPs process Cronos introduces a proc-

ess for the creation of double thickness structures by stacking the Poly 1 and Poly 2 layers.!
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In order to do this, first a continuous sheet is drawn on the POLY 1 level. Next a continuous
sheet is drawn on the POL1_POLY2_VIA enclosing the POLY 1 sheet by 5 um. Finally the
desired double layer structure is drawn on the POLY?2 level on top of the other sheets. Dur-
ing the etch process the unprotected Poly 1 will be etched away together with the undesired
Poly 2 in the same etch step, thereby creating a double layer structure with smooth walls.
This way structures with a maximum thickness to width aspect ratio of 1.75:1 can be cre-
ated. Unfortunately, Cronos does not guarantee this process to work. Figure 8-1 shows the

layout of a double layer H 100 joint.

Figure 8-1: Layout of a Double Layer H 100 Joint (Top View and Cross-Section)

In order to test this unsupported process and to examine a possible solution for the
out-of-plane stiffness problem, all joints on CJ2 were also fabricated as double layer ver-

sions.

1. see[17]p.34
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8.2.1 FEA Results
Using the same methods as in Chapters 5 and 6, the in-plane rotational, in-plane axial, and
out-of-plane rotational stiffnesses were calculated for the double layer joints.

Table 8-1 lists the calculated stiffnesses for various double layer joints. A compari-
son with the corresponding values for the single layer joints (Table 5-2 on page 46,
Table 5-3 on page 50, and Table 6-1 on page 55) shows similar behaviour for the double

layer joints: shorter joints are stiffer.

Table 8-1: Stiffnesses Ky, K|, Ky of Various Double Layer Joints (FEA)

Joint Type Unfolded ll_l-Plane Rotational l-n-Plane Axial Out:of-l’lane Rotational
and L, Length | Stiffness (uNpum/rad] | Stiffness [uN/um] Stiffness [pNpm/rad]
L [pm] Ky K, Ky
130 30 13,000 39,000 40,000
H 100 471 840 39 2,100
H 50 271 1,500 7.4 3,200
H25 171 2,300 13 4,400
X80 458 860 1.1 1,400
X 45 260 1,500 4.3 2,500
X227 158 2,500 16 4,100
S 100 232 1,700 1.8 2,000
U 65 261 1,500 8.0 3,400
V55 258 1,500 2.2 2,400
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A comparison of the in-plane rotational stiffness for single (SL) and double layer
(DL) joints (see Figure 8-2) shows identical behaviour. The only difference is that the ro-
tational stiffnesses for the double layer joints are larger by a factor of 1.75. This was to be
expected since the in-plane rotational stiffness is governed by Ky = EI/L. Because the
cross-sectional moment of inertia for in-plane rotation of the double layer joints is in-
creased by a factor equal to the thickness ratio (1 = %:f - &7—152”L”J ) during the step to double
layer joints, the in-plane rotational stiffness can be expected to increase by a factor 1.75 as

well. This agrees with the observed behaviour.

3500
3000 - o ——————
: +

3 ; o}

g 2000 -

» ‘ . ﬁia

. .

3 1500 - S +

& .‘ . T

; . m

s .

S‘ 1000 K \G

- \'\- -

0 S0 100 150 200 250 300 350 400 450 500

Unfolded Joint Length [um]
+ H x | oS ou avVv x X e SL

— Fit (OL) — Fit (SL)’

Figure 8-2: In-Plane Rotational Stiffness Ky for Various Double Layer (DL) and
Single Layer (SL) Joint Types and Lengths (FEA)
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The same behaviour can be observed for the in-plane axial stiffness. Figure 8-3
shows the results for single layer (H1, S1) and double layer (H2, S2) H- and S-joints, the
H-joint being the stiffest and the S-joint the softest in both cases. The only difference is,
again, that the axial stiffnesses for double layer joints are larger by a factor of 1.75 due to
the increased thickness. This can be explained by the increase in the cross-sectional mo-

ment of inertia for the S-joint (K « %’ - QLZ—VI ) and a change in the cross-section for the H-
Joint (K « ELA - ﬂl[i/ﬁ))
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Figure 8-3: Axial Stiffness K, for Various Double Layer (2) and Single Layer (1)
Joint Types and Lengths (FEA)
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Figure 8-4 graphs the out-of-plane stiffness for double (H2, S2) and single layer (H]1,
S1) joints over the total unfolded joint length. A comparison reveals identical joint behav-
iour. In this case, however, the stiffness for double layer joints is larger by a factor of 4.1
for H-joints and 2.8 for S-joints. The reason for this difference in stiffness increase is the

different stress modes in these two joints.
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Figure 8-4: Out-of-Plane Rotational Stiffness K, for Various Double Layer (2) and
Single Layer (1) Joint Types and Lengths (FEA)

As explained in Chapter 6.2, during out-of-plane rotational motion some joint seg-
ments are subjected to bending while others are subjected to torsion. Since the rotational
bending stiffness of a cantilever beam is given by K, 4 = EI//L and its torsional stiffness

by Kiors = GK' 7L, an increase in thickness will affect / and K’ differently. An increase in
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thickness by a factor of 1.75 increases the cross-sectional moment of inertia for out-of-
plane rotation (7 = %3 - ﬂ%'is ) and therefore the bending stiffness by a factor of 5.4. The
torsional stiffness, however, is only increased by a factor of 2.7 through the change of the

torsional section property (K = 0.1406a* — 0.3752a* , square to rectangle with 1.75:1 aspect ratio).
The increase in stiffness (4.1) for H-joints, most of whose joint segments are subject-
ed to bending, is close to the factor of 5.4. The S-joint, with most of its segments subjected

to torsion, shows a stiffness increase (2.8) close to 2.7.

5000 ——Kpend, OP T

4500

g

o]
8

g

T T T T S S S S SN

Normaiised Out-of-Piane Rotational Stitfness [iN/um)
n

2000
—_— 0O ___ |
: T T ——— - —— o — .
1500 Klors ~ Kbcnd. IP '
1000 -
500 - -
0 - ;
0 50 100 150 200 250 300 350 400 450 500
Unfolded Joint Length [am]
+ H o S o u a Vv x X
——Fit(H) — -Fit(S) - Fit() - -Fit(V) - -Fit(X) ——K_bend K_tors |

Figure 8-5: Normalised Out-of-Plane Rotational Stiffness K4 (L/250um) for Various
Double Layer Joint Types and Lengths (FEA)

Figure 8-5 on page 100 shows the out-of-plane rotational stiffness for various double

layer joints normalised to a joint length of 250 um. As in Figure 6-3 on page 60, the corre-
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sponding graph for standard joints, it can be seen that the out-of-plane stiffness is approx-

imately constant for all joints with different values for different joints.

Note that in this case the bending stiffnesses are different for out-of-plane
(Kpend,op = 4830uNum/rad) and in-plane bending (Kpeng,jp = 1583 uNpum/rad). This
has the effect that for double layer joints the out-of-plane rotational stiffness is generally
higher than the in-plane rotational stiffness. This was the motivation for the use of double
layer joints.

The out-of-plane rotational stiffnesses of the H- and U-joints are closest to Kpeng op

since their out-of-plane motion involves mostly bending.

For this particular aspect ratio, but not in general, the in-plane bending stiffness is ap-
proximately equal to the torsional stiffness (Ko = 1577 uNum/rad). Therefore the out-
of-plane rotational stiffness of the S-joint, whose out-of-plane motion involves mostly tor-

sion, is very close to its in-plane rotational stiffness.

8.2.2 Experimental Results
The double layer joints were only fabricated on CJ2. Therefore all measurements were tak-
en on CJ2. However, although two copies of each joint were fabricated on CJ2, it took three
chips in order to complete ‘flick’-test measurements on all 24 double layer joint layout var-
iations. This was not due to an invasive measurement procedure but rather due to the fact
that many of the joints were already destroyed before the chip was opened in the lab for the
first time. Figure 8-6 shows the debris of some destroyed double layer joints. All of them
broke off at the joint part.

Note that only the in-plane rotational stiffness can be measured using the ‘flick’-test.
The desired property in this case is the out-of-plane rotational stiffness. However, if the
measured in-plane stiffnesses agree with the respective FEA calculations, the same agree-

ment can be deduced for the out-of-plane stiffness.

In addition to many of the double layer joints being destroyed even before the start of
testing, the joints turned out to be rather brittle, snapping off at the joint part much easier
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than the single layer joints, especially while trying to release joints that were stuck to the

substrate.

L Ay
gy

Figure 8-6: Destroyed Double Layer Joints as Delivered from Foundry

Table 8-2: Measured and FEA In-Plane Rotational Resonance Frequencies and
Stiffnesses for Various Double Layer Joints (‘Flick’-Test)

Joint Type U::::Ig(:;d Frequency [kHz] Stiffness [uNpum /rad|
and L¢ L [pm] Exp. FEA Exp. FEA
I30 30 20 £ 1 25 7400 = 100 13,000
H 100 471 5.9 = 0.1 6.4 680 = 40 840
H 50 271 74 £ 0.1 8.6 1100 + 60 1,500
H 25 171 9.5 = 0.1 11 1800 = 100 2,300
X 80 458 59 + 0.1 8.8 680 + 30 860
X 45 260 7.5 £ 0.1 8.8 1100 + 40 1,500
X27 158 10 + | 11 2000 + 100 2,500
S 100 232 84 £ 0.1 9.3 1400 + 80 1,700
U 65 261 6.5 = 0.1 7.5 1100 = 70 1,500
VsS 258 64 £ 0.1 7.7 1000 = 60 1,500
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One possible explanation for this behaviour is the fact, that, although they are etched
in one step, the joints consist of two layers laid down at different times. If these two layers
have different residual stresses the double layer structure could be subjected to large inter-

nal stresses making it more vulnerable to external impacts.

Nevertheless, measurements for all double layer joints were made and are listed in
Table 8-2 on page 102. As in the single layer joint measurements, the double layer experi-
mental values are generally lower than the corresponding FEA values. The amount of un-

derestimation is slightly larger than for the single layer joints.
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Figure 8-7: In-Plane Rotational Stiffness K for Various Double Layer Joints
(‘Flick’-Test and FEA)
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Figure 8-7 on page 103 shows the experimental values for the in-plane rotational
stiffness calculated from the frequency values measured using the ‘flick’-test plotted over
the total unfolded joint length, along with the corresponding FEA values. It can be observed

that the experimental values are lower than the FEA values for all joints.

Figure 8-8 graphs the experimental and FEA stiffness values normalised to a joint
length of 250um. Like in the previous graph the experimental values are lower than the

FEA values for all joints.
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Figure 8-8: Normalised In-Plane Rotational Stiffness Kg*(L/250 um) for Various
Double Layer Joints (‘Flick’-Test and FEA)
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8.2.3 Discussion

FEA calculations showed that the use of double layer joints has the desired effect on the
out-of-plane stiffness, making it larger than the in-plane stiffness, while having no effect
on the in-plane rotational and axial stiffnesses, other than increasing them by a factor of
1.75. Experimental observations, however, revealed an increased brittleness of the fabricat-

ed joints. This resulted in a more difficult handling and an increased fabrication failure rate.

These observations along with the difficult process to connect double layer to single
layer structures and the not guaranteed fabrication process make the double layer joints im-

practical and unreliable for the use in planar mechanisms.
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8.3 Joint Width Variations

In a discussion with Dr. Guy Kember the question arose as to whether the ratio of in-plane
rotational to in-plane axial stiffness, the two key properties of the joints, could be influ-
enced by selectively widening segments of the joints in order to increase either the in-plane
rotational or the axial stiffness. Figure 8-9 shows the H 100 and the X 80 joint along with

four variations each.

var 2 var 2

Figure 8-9: H 100 and X 80 Along with Four Layout Variations
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Variation 1 shows widened top and bottom segments while variation 2 has a widened
centre segment. Variation 3 consists of widened linear joint segments, leaving only the
curved segments at the original width. Variation 4 presents a joint whose right hand side
segments are widened. All widened segments are 4 um, twice the width of the regular seg-

ments.

Table 8-3 list the FEA results for in-plane rotational and axial stiffness for H- and X-

joint variations. It also list the ratio of those stiffnesses normalised to the stiffnesses of the

standard joints.
Table 8-3: In-Plane Rotational and Axial Stiffnesses of Various H- and X-Joint
Variations (FEA)

Joint Type Unfolded ll.l-PIane Rotational Stl:;l’lane :/cial ;tiﬂ‘nessll(latio
and L, ﬁ':lg.:; Stiffness l;;: pm/rad] i ness;( E‘u pm| Kx. var /Kx. std

0, var 0, std

H 100 std 471 480 22 1.0
H 100 var 1 471 760 5.2 1.5
H 100 var 2 471 610 2.6 0.93
H 100 var 3 471 1800 10 1.2
H 100 var 4 471 850 4.0 1.0
X 80 std 458 490 0.63 1.0
X 80 var 1 458 780 1.1 1.1
X 80 var2 458 630 0.74 091
X 80 var 3 458 1600 2.0 0.97
X 80 var 4 458 910 1.1 0.94

It can be seen that the only two variations that cause an increase in the stiffness ratio
of 20% or more are Variation 1 and 3 of the H-joint. The widening of the top and bottom
segments seems to increase the stiffness ratio while the widening of the centre segment
seems to decrease it. All other variations increase or decrease the stiffness ratio by less than

10% while sometimes increasing the stiffnesses themselves by up to three times.
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Variation 1 of the H-joint increases the in-plane rotational stiffness of the joint by
60% while increasing its in-plane axial stiffness by 140%. This results in an overall in-
crease of the stiffness ratio by 50%.

The increase in rotational stiffness can be compensated by an increase in overall joint
length of approximately 60%. Since for the H-joint both in-plane axial and rotational stiff-
ness are approximately proportional to the inverse of the total joint length, this increase in
length will not affect the stiffness ratio. However, a 60% increase in total length causes a
70% in increase in the folded joint length for the H 100 joint. This results in a decrease of
the maximum angle of rotation by 40%.

If only the stiffness ratio of the joint but not the rotational stiffness itself is important
for the design then variation 1 (thickening long, straight arms) provides moderate improve-

ment.



Joint Layout Variations 109

8.4 Joint Spacing Variation: The Paper-Clip Joint
The previous section found that the only width variation that could significantly increase
the axial stiffness of the H-joint was to widen the top and bottom arm of the joint. Even then

this resulted only in a 50% improvement in axial stiffness.

For the given gap size of 30 um the H-joint proved to be the axially stiffest joint pos-
sible. Without changing its cross-section the H-joint’s axial stiffness could only be im-
proved by a tighter spacing of its arms. This, however, would severely limit its range of

motion.

If the size of the gap bridged by the joint is adjustable a variation of the H-joint, the
paper-clip joint (PC-joint) can be constructed. Figure 8-10 shows the transformation of an
H 25 joint into an PC 25 joint. By increasing the gap size room is created for the top and
bottom arms to move towards the joint axis. At the same time the centre arm is straightened
out. While the H 25 joint bridges the standard 30um gap with an unfolded joint length of
171 pum, the PC 25 joint bridges a gap of 54 um with an unfolded joint length of 126 um.

— - =

. 25um ' 25um

Figure 8-10: Transformation from H 25 to PC 25 Joint

In the same way other H-joints can be transformed into PC-joints. Figure 8-11 on
page 110 shows the H 100, H 50, and H 25 joints with their respective PC-joints. Note that
the corresponding PC-joint has a shorter overall length (L) than the H-joint.
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PC 100
PC 50
PC 25
H 25

-

Figure 8-11: Various H-Joints and the Corresponding PC-Joints

Table 8-4 lists FEA results for various PC-joints. The results for H-joints of same to-
tal length are given in brackets. Note that for the same total joint length the folded length
(Lp) of the H-joint is shorter than that of the PC-joint. As expected, the FEA results show

very high in-plane axial stiffnesses for the paper-clip joints.

Table 8-4: In-Plane Stiffnesses of Various PC-Joints and (H-joints) of Same Length

(FEA)
Joint T Unfolded | Gap Width Rotational Axial Lateral
v L Length Bridged Stiffness Stiffness Stiffness
' Lipm| | Lginml | Ko[uNpm/rad] | Ky [uN/pm] | Ky [sN/pm]
PC 100 (H 70) 351 129 (30) 640 28 3. | 0062 (1.3)
PC50 (H 33) 201 79 (30) 1,100 52 (6.1) 024 (8.4)
PC25 (H 14) 126 54 (30) 1,800 89 (11) 0.84 (39)
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Using regression analysis the following equation for the axial stiffness can be found:

1.13
PC-joint: K, = 414N (250um) 8-1)
: pm L
1.19
H-joint: K, = 47P— (-—P—) (8-2)

A comparison with the respective equation of the H-joint shows that the PC-joint is

approximately 8.7 times stiffer in axial direction than an H-joint of the same unfolded joint

length.

1;:':3 =87 (—L) ~ 8.7 (8-3)

This large increase in axial stiffness can be explained with the paper-clip joint having
three parallel arms with one arm in the centre. Also the arms are spaced at 6um. An H-joint
has two long arms (top and bottom) and two arms that are broken up into four short arms
closer to the axis. The major difference, however, is that the long arms are 18 um from the

joint axis and the shorter arms are 12 um from the axis.

Therefore the arm spacing is much closer for the PC-joint which results in a much
higher stiffness in axial direction.

A major disadvantage of the PC-joint is the fact that in order to get a longer and there-
fore rotationally softer joint the gap between the links it connects has to be increased. The

length of the gap required can be calculated using the following formula:

Ly = (L-51pm)/3+29pum = L¢+29pm (8-4)

Another disadvantage is the fact that the paper-clip joint is also much softer in lateral

direction (Ky) than the corresponding H-joint (see Table 8-4 on page 110). In order to be

able to neglect the lateral compliance with respect to the rotational compliance as discussed

in Chapter 6.3 eventual force loads have to be applied at a distance greater than 13- L¢ from
the centre of the joint (3.5- L for H-joint).

Therefore the paper-clip joint is a good choice if a large axial stiffness is required and

the gap size and the lateral compliance are not important.



9 Joint Design Guidelines
This chapter derives rules from the previously presented results and presents guidelines for
designing joints for use in planar mechanisms. It also introduces two example mechanisms

that use flexible micro-joints discussed in this thesis.

9.1 Joint Observations
Before presenting guidelinies for the selection of the proper joint for given requirements
some observations made during the examinations in the previous chapters will be present-

ed.

9.1.1 In-Plane Rotational Stiffness (Kg)
The in-plane rotational stiffness of the joints examined in this thesis depends only on the
total unfolded joint length. The shape of the joint has no influence on the in-plane rotational
stiffness.

If the desired in-plane rotational stiffness Ky is known, the necessary joint length L

can be found using the following equation:

900%

m
chquired — rad 9-1)
250pm Ky gesired

9.1.2 Qut-of-Plane Rotational Stiffness (K,)

In Chapter 6.2 the problem of the joints actually being softest in the out-of-plane direction
was discussed. It was found to be a characteristic of the MUMPs process imposed by the
design rules of the process. Furthermore, changing the length does not significantly change
the stiffness ratio Ky/Kg. The joint shape has a minor effect on the stiffness ratio. Since the
joints examined in this thesis were designed for use in planar mechanisms this is an unde-
sirable property. The only alternative MUMPs method, creating double layer joints, was

examined in Chapter 8.2 and found to be impractical and unreliable.

For joints of the same layout manufactured using a different foundry process this

problem might not occur due to different layer thicknesses and design rules. Silicon on in-

12
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sulator (SOI) processes, for example, can feature structural layers with thicknesses of

50um. Using such processes the out-of-plane stiffness can be addressed and improved.

For these reasons the following design guidelines will ignore the out-of-plane stiff-
ness and just accept the fact that for the MUMPs process the joints will always be softest
in out-of-plane direction (Ky = 70— 95% Ky).

9.1.3 Angular Range of Motion

The only joint with a strongly limited range of motion is the H-joint. All H-joints with a
folded joint length Lg > 30pum (L > 190pum) suffer from the fact that at a certain angular
deflection one of the joint arms touches one of the rigid links. At this point the joint be-
comes instantaneously stiffer! and loses its usefulness. The range of motion decreases with
increasing joint length. It could be improved by increasing the distance of the joint arms
from the joint axis. This, however, would lead to a decrease in axial stiffness. Foran H 100
joint the useful range of motion is approximately +10° whereas the X- and S-joints have

useful ranges of motions of approximately +45°,

If a larger range of motion is required the X-joint can be used to replace an H-joint.

It is softer in axial direction than the H-joint but still much stiffer axially than the S-joint.

9.1.4 Degrees of Freedom

The joints examined in this thesis, designed by folding long slender beams into various
shapes, generally posses three degrees of freedom in the plane: a rotational, an axial, and a
lateral degree of freedom. Examination of these three degrees of freedom in Chapters 5.4,
5.5, and 6.3, however, revealed that, depending on the shape, joints are stiffer in certain di-
rections than in others. Therefore the compliance in some of the directions can be neglected
depending on the joint shape. This effectively reduces the degrees of freedom for some

joints to two or even one.

One degree of freedom joints, namely, rotating pin joints or translating slider joints,

are typically referred to as “full joints”. Two degree of freedom joints are usually referred

1. Experimentally observed by Creelman et al in [4].
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to as “half joints”. The half joint is sometimes also called a rotary-slide joint because it al-
lows both rotating (angular motion) and sliding (linear motion). Note that if the motion of
a half joint in one of the two directions can be constrained one freedom can be “locked out”
and the half joint can be made to behave as a full joint. It can therefore be a pure rotary,
pure slide, or rotary-slide joint.!

The joints examined in this thesis are three degree of freedom joints. They cannot be
pure rotary or pure slide joints. However, due to high stiffness or high compliance in some
directions they can be separated into three DOF, rotary-slide, pseudo rotary, and pseudo

slide joints.

9.1.5 I-Joint

The I-joint is much stiffer than any of the other joints in axial and lateral direction. For the
lateral stiffness this is mostly due to its shorter length. The extreme stiffness in axial direc-
tion on the other hand is caused by its shape. It is simply the stiffness of a straight rod in
tension or compression. Therefore it can be reduced to one effective degree of freedom, ro-

tation.

The I-joint is closest in behaviour to a pin-joint. However, due to its shorter length it
is also more than eight times stiffer in the in-plane rotational direction than the other joints.

This and its unadjustable length make the I-joint useless for most applications.

9.1.6 Asymmetric Joints
The rationale for examining asymmetric joints arose by observing in FE simulations that
only two of the four joint arms of H- and X-joints are subjected to high stresses during ro-
tational motion. Therefore the U- and V-joints were designed by omitting the unstressed
arms. However, the asymmetry did not improve the joint performance.

The U-joint turned out to be very close in performance to the H-joint. For the same
joint length both joint types possess the same in-plane rotational and approximately the

same axial stiffness. In lateral direction the U-joint is slightly softer than the H-joint.

1. see [24] p. 22 f.
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The V-joint, although designed as half an X-joint, turned out to posses an axial stiff-
ness closer to that of the S-joint. This can be explained by one of the added curved segments
being approximately perpendicular to the axial direction, thereby reducing the axial stiff-
ness. Its lateral stiffness, however, is approximately the same as that of the X-joint, as is the
in-plane rotational stiffness.

Since both the U- and the V-joint only posses two arms, their footprint for a joint of
equal rotational stiffness, i.e. total length, is larger than the footprint of the respective H-
and X-joints. This also decreases the maximum possible angular deflection for the U-joint
as compared to the respective H-joint.

The use of U- and V-joints in mechanisms is more inconvenient since their shifted

centres of rotation have to be taken into account during the design of the mechanism.

For these reasons there is no advantage in using the U- and V-joints instead of the H-

and X-joints.
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9.2 Joint Selection Guide
The process of selecting the proper joint for given requirements can be broken down into

two questions:
¢  Which joint should be used?

* What effect does a change in length have on the joint?

Table 9-1 lists the in-plane stiffnesses for the examined symmetric joint types. For
uniform comparison, joints of a total unfolded joint length 250um were used. The corre-
sponding stiffnesses were calculated using the formulas found by regression analysis,
which were introduced in Chapters 5, 6, and 8. The shorter I-joint is listed for comparison.

Note that the PC-joint bridges a larger gap than the other joints.
Table 9-1: In-Plane Stiffnesses for Standard Joints (FEA, Regression)

Joi Unfolded Rotational Axial Lateral
Tomt Length Stiffness Stiffness Stiffness
YP¢ | L ium] | KoIuNpm/rad] | K, [uN/um] | K, [#N/pm]
I30 30 7,500 23,000 99
PC 66 250 900 41 0.16
H 45 250 900 4.7 4.1
X 43 250 900 29 4.6
S 109 250 900 0.83 35

Since the in-plane rotational stiffness only depends on the total joint length, all joints
in Table 9-1 (except for the shorter I-joint) have the same rotational stiffness. In axial di-
rection the H-joint is stiffest, about six times stiffer than the softest joint, the S-joint. In lat-
eral direction the S-joint is stiffest, about eleven times stiffer than the softest joint, the H-
joint. The PC-joint is even more axially selective than the H-joint, but is listed separately

due to its greater gap width (Lg = 95um).
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Table 9-2 list in-plane stiffness trends for the various joints, namely the length de-
pendence of the stiffnesses as well as the stiffness ratios. These were taken from the regres-

sion formulas derived in previous chapters.

Table 9-2: In-Plane Stiffness Trends for Standard Joints (FEA, Regression)

. Rotational Axial Lateral K K K
Joint | Griffness Stiffness Stiffness X =X pisd 4
Type Ko K, K, Ky Ky K,
PC < /L o 1/L113 x /1328 « 1/19-13 o 171228 o« 1/L%15
H < /L P VAL « /1328 o« 171919 o« 1/L2-28 « 1/L299
X «< /L o 1/1250 a 1/L275 PRV/ARY P V/ARE oc 1/1925
S /L o 171319 « /2972 o« 1/L219 «[0-28 o [247
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9.2.1 Designing a Pseudo Slide (Slider) Joint
A pure slide joint is a one degree of freedom joint (full joint) with only a translational free-
dom. A pure slide joint cannot be achieved with flexible joints but by maximising Kg/K,

and K,/K, a pseudo slide joint can be achieved.

Suitable Joint(s)
Table 9-1 on page 116 shows that the S-joint is best suited for this situation. It is the joint

softest in axial direction (K,) and the joint stiffest in lateral direction (Ky). This makes it
effectively a two degree freedom rotary-slide joint with a translational freedom (axial di-

rection) and a rotational freedom.

Effect of Joint Length

Table 9-2 on page 117 shows that the axial stiffness of the S-joint is strongly dependent on
the total joint length. During axial loading most joint segments are subjected to beam bend-
ing (Koc ) The lateral stiffness, on the other hand, is not strongly dependent on the total
unfolded joint length. During lateral loading most joint segments are subjected to compres-

sion or tension (K « A_E ).

Relative to the axial stiffness both the rotational stiffness ( Ko 12 19) and the lateral
stiffness (—- « L247) increase rapidly with increasing total joint length This means that for
long joints the S-joint becomes a pseudo slide joint, since the rotational and lateral compli-

ance become negligible compared to the axial compliance.

Recommendations

For a pseudo slide joint, choose a long S-joint. It should be as long as possible in order to
minimise the K,/Kj ratio. Note that for long joints sagging of the arms will become a prob-
lem. This can be counteracted by attaching small platforms with dimples at locations along
the joint.

If a rotary-slide joint is required, choose an S-joint. The relative importance of rotat-
ing versus sliding can be adjusted by varying the total joint length.

The distance at which lateral forces are applied has little effect on the joint perform-

ance since its lateral stiffness (Ky) is very big.
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9.2.2 Designing a Pseudo Rotary (Pin) Joint

A pure rotary joint is a one degree of freedom joint (full joint) with only a rotational free-
dom. A pure rotary joint cannot be achieved with flexible joints but by maximising K,/Kg
and K,/Kgq a pseudo rotary joint can be achieved.

Suitable Joint(s)
Table 9-1 on page 116 shows that both the H-joint and the PC-joint are suited for this situ-

ation. Both are stiff in axial direction (K,). However, they are also soft in lateral direction
(Ky). The PC-joint is more axially selective than the H-joint but limited by its adjustable
gap width. This makes both joints effectively two degrees of freedom rotary-slide joints

with a rotational freedom and a translational freedom (lateral direction).

Effect of Joint Length
Table 9-2 on page 117 shows that the axial stiffness of both joints is not strongly dependent

on the total joint length. During axial loading most joint segments are subjected to com-
pression or tension (K « 4£ ) The lateral stiffness, on the other hand, is strongly dependent
on the total unfolded Jomt length. During lateral loading most joint segments are subjected

to beam bending (& =5 )

Relative to the rotatlonal stiﬂ'ness the axial stiffness slowly increases with decreasing
total joint length (K" for H, for PC) while the lateral stiffness rapidly in-

o 19 Lo 13

creases ( K m for both). This means that for short joints the H-joint and the PC-joint
become a pseudo rotary joints, since the lateral and axial compliance become negligible

compared to the rotational compliance.

Recommendations
If a pseudo rotary joint (“pin” joint) is required, choose an H-joint or a PC-joint.

Choose an H-joint if lateral forces are being applied close to the joint or if the gap
size is important. The H-joint is stiffer in lateral direction than the PC-joint and therefore
has a greater resistance to lateral forces. It is also designed for a gap size of 30um and its

length can therefore be adjusted without adjusting the gap size.
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Choose a PC-joint if predominantly moment loads or large axial force loads are
present. The PC-joint is about nine times stiffer in axial direction than the H-joint and there-
fore has a greater resistance to axial forces. Due to its design, an adjustment in total joint

length also results in a change of the size of the bridged gap.

Since both joints are relatively soft in lateral direction they have to be made as short
as possible in order to minimise the K,/Kj ratio. Note that a decrease in length also causes

an increase in rotational stiffness. Therefore a compromise has to be found.

The distance at which lateral forces are applied has a large effect on the joint perform-
ance, especially for the PC-joint. The safe distance for which the lateral motion caused by
a force becomes negligible to the rotational motion caused by the induced moment is 3.5- L

for the H-joint and 13- L for the PC-joint.
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9.3 Examples for Joints as Part of Mechanisms
To show the use of the examined joints in mechanisms, flexural motion amplifiers and mi-
cro-stages are presented at this point. Note that these mechanisms were not the focus of this

thesis. These mechanisms are only introduced as examples of joint use.

9.3.1 Flexural Motion Amplifiers

This section examines the extension of the linear range of motion of micromachined ther-
mal actuators. Thermal actuators are commonly used in MEMS technology. Unfortunately
their range of motion is limited to about 5-10um. A flexure mechanism is used to increase

this range of motion without using rotating geared transmissions.

Pin-Joint

Figure 9-1: Schematic of a Flexural Motion Amplifier

Two opposing sets of thermal actuators compress or extend a toggle mechanism (a
kinematic dyad). The bars are fabricated at a small angle 0 relative to the line of action of
the actuators. The output transverse force developed at the bar pivot point is reduced by a
factor of tan(0) and the transverse motion is amplified by a factor of 1 /tan(0). The am-
plification ratio varies with angle, being greatest for smaller angles. Figure 9-1 shows the
layout of a toggle mechanism with an angle of six degrees between the bars. If points A and
B of the mechanism are displaced by equal small amounts towards the centre, points C and

D will be displaced approximately ten times that distance away from the centre.

The schematic of the flexural motion amplifier shown in Figure 9-1 calls for pure ro-
tary joints (“pin” joints) to connect the links. Chapter 9.2.2 suggests short H-joints or short
PC-joints as the joints of choice. Since the footprint of the H-joint was too big for this ap-
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plication and large, predominantly axial forces were involved, PC-joints were used to con-
nect the bars.

Several variations of this mechanism with different angles were fabricated; see
Figure 9-2 for a typical layout. Figure 9-3 on page 123 shows the movement of a mecha-
nism fabricated from surface micromachined polysilicon. The mechanism is approximately
500 pum across and the flexure joints are 2pmx2um in cross section. Two sets of parallel
thermal actuators displace horizontally, compressing two symmetric toggle mechanisms
and the amplified motion is perpendicular. Using a detailed FE model of the mechanism,
the joints and the thermal actuators, a series of temperature loads was applied to the thermal
actuators and the resulting displacement calculated and found to agree with experimental

measurements.

;
¥
i
;
N
»
i

Figure 9-2: Flexural Motion Clamping Mechanism (PS1 chip)
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.

Figure 9-3 Motion of a Flexural Motion Amplifier (top: 0V, bottom: 6V, CJ2 chip)



Joint Design Guidelines 124

9.3.2 Three Degrees of Freedom Micro-Stage

Using pure rotary joints and rotary-slide joints a parallel manipulator mechanism, resem-

bling a three legged spider, was designed. It provides three degrees of freedom: x, y, and 0 .
Figure 9-4 shows a kinematic diagram for the manipulator. Kinematically it has 3

pure rotary joints J; with 1 DOF each, 3 rotary-slide joints J, with 2 DOF, and 5 rigid links

L: the frame, 3 legs, 1 platform. The well known Kutzbach's criterion for planar motion pro-

vides the mechanism's mobility M (DOF): M = 3(L—-1)-2- J,-1-J, = 3. The 3DOF

mobility accounts for x, y, and 6 motion.

Figure 9-4: 3 DOF Parallel Manipulator Mechanism (Kinematic Representation)?
a. see [6]
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A micro-scale version (Figure 9-5) of the above platform has been designed and fabricated
commercially through the MUMPs process. S-joints were used for the rotary-slide joints as
suggested in Chapter 9.2.1. In order to provide the necessary compliance in axial direction
a relatively long version of the S-joint was used. Small Poly 1 squares with dimples were

attached to the curvatures of the joints to avoid stiction of the joints to the surface.

Figure 9-5: Uni-Directional 3 DOF Micro-Stage with Long S-Joints
(Layout, CM2 chip)

The design shown in Figure 9-5 uses the flexures of two banks of three thermal actu-
ators in parallel as the rotary joint. In order to de-couple the two actuator banks PC-joints
were used. This allows the transfer of large forces in axial direction while providing com-

pliance in rotational direction.
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Figure 9-6 shows a photograph of a micro-stage fabricated with the MUMPs process.

Figure 9-7 shows a close-up of the platform and the joints used in the micro-stage.

Figure 9-6: Uni-Directional 3 DOF Micro-Stage with Long S-Joints
(SEM Micrograph, CM2 chip)

Tests of the fabricated mechanism showed that it does work in the way it was design
to, however, yielding lower linear and angular displacements of the platform than expected.
The tests also showed that this can be attributed to the low forces provided by the thermal
actuators. By increasing the force output of the thermal actuators or reducing the stiffness

of the mechanism the range of motion of the platform could be increased.



Joint Design Guidelines 127

Paperclip

Joints S-Joint

60pm

Figure 9-7: SEM Micrograph of Polysilicon Micro-Stage (Close-Up, CM2 chip)



10 Conclusion

This research presented the first attempt to systematically examine flexible micro-joints us-
ing finite element analysis. It examined the possibility of taking long slender beams and
folding them into a variety of shapes to connect two links at a fixed distance: ‘I’, ‘H’, ‘X",
‘S’, ‘U’ and ‘V’ shaped joints were considered. Using finite element analysis models of 93
variations of joints were analysed. The models were used to calculate joint stiffnesses in

various directions as well as resonant modes and frequencies.

The in-plane rotational stiffness Kg of the joints was found to depend only on the total
joint length L. During in-plane rotational motion all joint segments are subjected to bending
only for all joint types. Therefore the shape of the joint has no influence on the in-plane
rotational stiffness (K, = ETI ).

The in-plane axial Ky and lateral stiffnesses K, were found to depend on how much
of the joint is subjected to bending (k « lE-S’ ) and how much is subjected to tension or com-
pression (K « ATE ) during the translational motion. Joints with most segments parallel to the
Jjoint axis are axially stiffest and laterally softest, joints with most segments perpendicular
are axially softest and laterally stiffest. The H-joint was found to be axially stiffest, the S-
joint axially softest.

All out-of-plane rotational stiffnesses K, were found to be 5-30% lower than the re-
spective in-plane rotational stiffnesses (Ko =70-95% Ky). For out-of-plane rotational
motion joint segments parallel to the joint axis are subjected to bending while segments per-
pendicular to the axis are subjected to torsion. Because the torsional stiffness is lower than
the bending stiffness, the joint shape has an influence on the out-of-plane rotational stiff-
ness. The H-joint with most segments subjected to bending has the highest K, the S-joint
with most segments subjected to torsion the lowest K.

Dynamic optical tests of joint-mass systems were carried out and experimental values
for resonant frequencies (2-20kHz) and rotational stiffnesses were found to agree with FEA
predictions to within 10-20%. Quality factors of 6-8 were measured. The observed values

were well fit by a polysilicon Young’s modulus of 146 GPa.

128
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In order to increase the out-of-plane rotational stiffness of the joints double layer
Joints were examined. The increased joint thickness had the desired effect and experimental
results confirmed the FEA results. However, increased brittleness and fabrication failure
rate led to the recommendation of not using double layer joints.

Varation of the width of selected joint segments for the H- and X-joints yielded only
one scenario in which the in-plane axial stiffness of the joint was increased significantly
relative to the in-plane rotational stiffness. Doubling the width of the top and bottom arm
of the H-joint yielded a 50% increase.

Decreasing the lateral spacing of the arms of an H-joint led to the design of the paper-
clip (PC) joint. The PC-joint proved to be approximately nine times stiffer in axial direction
than the H-joint. To make room for the closer spaced arms, however, the size of the gap
between the connected links had to be enlarged. This limits the usefulness of the PC-joint.

Design guidelines were derived from the simulation results. The recommendations
included not to use I-, U-, or V-joints. A long S-joint was found to be the choice for the use
as a pseudo slide joint. The choice for the use as a pseudo rotary joint was found to be a
short H- or PC-joint.

Two examples of joint use in planar mechanisms were presented: flexural motion am-

plifiers and 3 DOF micro-stages.
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Recommendations for Future Work

In order to increase the out-of-plane rotational stiffness of the joints a Poly 2 joint on top
of a Poly 1 joint could be used. Separated by the 0.75um gap of the removed second oxide
layer the two joints would only be connected to the links but not to each other. This would
increase the out-of-plane stiffness without the increased brittleness experienced with the

double layer joints.

Joints in mechanisms were only presented as examples for joint use in this thesis.
Building on the results of this research the performance of the joints in various mechanisms

could be investigated.
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A Summary of Joint Properties

A.1 Joint Variation Identifiers

In order to distinguish the wide variety of joints, 93 FEA models and 55 fabricated joints,
that were examined, they were given a characteristic identifier. This identifier was used in
the layout files of the fabricated chips, as well as in the ANSYS simulations. Table A-1 on
page 135 and Table A-2 on page 136 list the identifiers grouped by joint along with the re-
spective folded and unfolded lengths and state whether they were fabricated or not.

The complete identifier for any given variation is:
Type_Variation Layers (A-1)

Here Type stands for the type of joint, H, I, S, U, V, or X. Variation stands for the
variation identifier. Identifiers including ‘std’ have a 2umx2pm cross-section for the
whole joint, while ‘var’ joints feature varying cross-sections and joint shape. The type of
setup the joint is fabricated in is described by the Layers identifier: ‘sm’ stands for a single
layer joint with a small end-mass, ‘lm’ for a single layer joint with a large end-mass, and

*dl’ for a double layer joint.

A standard single layer H-joint with a folded length of 100pum and a small end-mass
is therefore identified by H_std 01 sm.

All joint layouts in IMDTCJ2 and all FE simulations were organised using these
identifiers. For the sake of simplicity all standard joints are also referred to by Type L eg.
H 100.
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Summary of Joint Properties

Table A-1: Identifiers of Examined Joint Variations (H, X, S)

Folded | Unfolded Simple
Type | Variation Layers Fabricated Length Length Standard
L¢[pm] L [pm]} Identifier
H std_01 dl | sm | Im | yes (CJ2, RT2) 100 471 | H 100
std_02 dl | sm | Im | yes (CJ2,RT2) 50 271 f HS50
std_03 dl | sm | Im | yes(CJ2,RT2) 25 171 f H25
std_04 dl | sm no 75 371 § H7S
std_05 dl | sm no 37.5 221 § H38
var 01 dl | sm yes (CJ2) 100 471
var_02 dl | sm yes (CJ2) 100 471
var 03 dl [ sm yes (CJ2) 100 471
var_04 dl | sm yes (CJ2) 100 471
var_05 dl | sm yes (CJ2) 75 371
X std 01 dl | sm | Im ] yes (CJ2, RT2) 79.5 458 | X 80
std_02 dl | sm | Im | yes (CJ2, RT2) 44.5 260 § X 45
std_03 dl | sm | Im } yes(CJ2, RT2) 26.5 158 | X27
std_04 dl | sm no 62 359 | X62
std_05 dl | sm no 355 209 | X 36
var 01 dl | sm yes (CJ2) 79.5 458
var_02 dl | sm yes (CJ2) 79.5 458
var_03 dl | sm yes (CJ2) 79.5 458
var_04 dl | sm yes (CJ2) 79.5 458
var 05 dl | sm yes (CJ2) 35.5 359
S std_01 dl | sm yes (CJ2) 100 232 1 S100
std_02 dl | sm no 50 132 | S50
std_03 dl | sm no 200 432 | S 200
std_04 dl [ sm no 150 332 1 S 150
std_05 dl [ sm no 75 182 § S75
var_01 dl | sm yes {CJ2) 100 232
var_02 dl | sm yes (CJ2) 100 232
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Table A-2: Identifiers of Examined Joint Variations (I, U, V, PC)

Folded | Unfolded Simple
Type | Variation Layers Fabricated Length Length Standard
Lelpm) | L [pm] Identifier

I std_01 dl | sm | Im | yes (CJ2, RT2) 30 30§130

U std_01 dl | sm yes (CJ2) 65 261 J U 65
std_02 di | sm no 115 461 J U 115
std_03 dl | sm no 40 161 | U 40
std_04 dl | sm no 90 361 § U 90
std_05 dl | sm no 52,5 211 juss
var_0l dl | sm yes (CJ2) 65 471

v std 01 dl | sm yes (CJ2) 54.75 258y V55
std_02 dl | sm no 90 457 1 V 90
std_03 dl | sm no 37.25 159 | v 38
std_ 04 dl | sm no 72.5 358} V73
std_05 dl | sm no 45.75 207 |} V 46
var_0l dl | sm yes (CJ2) 54.75 258

PC std_01 sm yes (CJ2) 25 126 § PC 25
std_02 sm no 50 201 } PC 50
std_03 sm no 75 276 | PC 75
std_04 sm no 100 351 § PC 100
std_05 sm no 125 426 | PC 125
std_06 sm no 1 54 | PC1
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A.2 The ANSYS Co-Ordinate System

By default the plot control options of ANSYS provide a number of pre-defined views. Un-

fortunately these can be a little confusing. For example, the Top view shows the X-Z plane,

while the Front view shows the X-Y plane. This is contrary to the “world” co-ordinate sys-

tem, which has a top view showing the x-y plane and the front view showing the x-z plane.
To distinguish the co-ordinate systems ANSYS co-ordinates are given in capital let-

ters, “world” co-ordinates in lower case letters. Table A-3 lists the differences in co-ordi-

nates and conversion factors.

Table A-3: Relation Between ANSYS and “World” Co-Ordinate System

Directi “World” Multiply by This To Obtain
irection Co-Ordinate Number ANSYS Co-Ordinate
In-Plane Axial x | X
In-Plane Lateral y -1 V4
Out-of-Plane Lateral z 1 Y
z
Y
Y
x X
Z
“World” ANSYS

Figure A-1: The “World” and the ANSYS Co-Ordinate System

All results and graphs in this thesis are presented in the “world” co-ordinate system.
The descriptions of the joint segments in the following sections, however, are given in the

ANSYS co-ordinate system.
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A.3 Total Unfolded Joint Length

For all joints an increase in total joint length affects only the length of straight segments.
The segments that do not change make up the static length L;. Table A-4 list the static
lengths for the various joint types and equations to calculate the total unfolded joint length
L from the folded joint length Ly.

Table A-4: Total Unfolded Joint Length

;;:et sm;-i: lll:::.f " Total Unfolded Length L [pm]

H 119.1 | 4L + Lg - 48 4L + 711 4(Ly+Lyp) + 711

I 00 ] L L¢

S 43.7 | 2L + L - 12 2L¢ +31.7 4L, +31.7

U 1225 | 4Le + Lg - 1212 4L +1.3 4L, +61.3

\% 65.0 | 5.657L¢ + Lg - 1169 | 5.657L; -51.9 | 5.657L, +33.0

X 94.8 | 5.657Lc + L - 870 | 5.657L; +7.8 | 5.657(L,+Ly) +7.8
PC S11 | 3Lp+ L 3L¢ + 51.1 6L, + 51.1
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A.4 H-Joints

A.4.1 Layout Schematics

Lf
< >
L, ' Ly
4b 6 Ta
>
4a 3 i 8 7
-— 9
18 X
2a ' | > ANSYS
1 1D | 4 : co-ordinate
\ 10 ‘ v system
12a 1 i : 16 1%
: 17a
] 13 14 1%
Figure A-2: Geometric Layout of an H-Joint
Table A-5: H-Joint Variations
Variati Folded Length [pm] Unfolded Segments Segments
ariation L h 2 id 4 id
L, L, Ly ength [pm| pm wide npm wide
H_std 01 | 100 50 50 a1 j1-18
Hstd 02| 5o 25 25 271 1-18
Hstd 03] 25| 125 125 171  1-18
Hstd 04| 75| 375| 375 371 f1-18
H_std 05 § 37.5| 18.75 | 18.75 2211 1-18
H_var_01 100 50 50 471 | 1-4,7-12,15-18 | 5,6, 13, 14
H_var_02 100 50 50 4714 1-7,12-18 8-11
H_var_03 100 50 50 47112,4,7,12,15,17 | 1,3,5,6, 8-11, 13, 14, 16, 18
H_var 04 100 50 50 4714 1-5,10-13 6-9,14-18
H_var_05 75 50 25 371 § 1-18
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Table A-6: Joint Segments of an H-Joint

Joint Point (X, Z2) [um] Angle Radius
Segment Start End Centre | Start | End | [pm]
1 -15,0 -12,0
2a -12,0 -6, -6 -12,-6 -90° 0°
2b -6, -6 -12,-12 -12,-6 0° 90°
3 12,412 | -L,,-12
4a -L,, -12 -Ly-3,-15 | -L,, -15 -90° | -180° 3
4b “Ly-3,-15 | <Ly, -18 | L, -15 | 180° | 90° 3
5 Ly,-18 | 0,-18
6 0,-18 Ly, -18
7a Ly, -18 | Ly#3,-15 | Ly, -15 | 90°| o° 3
7b Ly+3,-15 | Ly, -12 Ly, -15 0° -90° 3
8 Ly -12 | 12,-12
9 12,-12 0,0 12,0 90° 180° 12
10 0,0 -12, 12 -12,0 0° -90° 12
T 12,12 | -1, 12
12a L2 | L3015 | L, 15 | 90° | 180° 3
12b Lg-3,15 | <L, 18 | -L, 15 | -180° | -90° 3
13 L, 18 |o0,18
14 0,18 Ly, 18
15a Ly, 18 Ly+3, 15 Ly, 15 -90 0 3
15b Ly+3.15 | Ly, 12 Ly, 15 o] 90 3
16 Ly, 12 12,12
17a 12,12 6,6 12,6 -90 -180
17b 6,6 12,0 12,6 180 90
18 12,0 15,0
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A.4.2 FEA Results
Table A-7: H-Joint-Mass Resonance Frequencies (FEA)

Unfolded Resonance Frequency {kHz| Frequency Ratios
Variation Length | Qutof-Plane | In-Plane |In-Plane| Axial | Out-of-Plane
[nm] Rotational | Rotational | Axial | In-Plane | ~ In-Plane

H_std_01_sm (H 100) 471 5.84 6.05 46.4 7.7 0.97
H_std_04_sm (H 75) 37 6.61 6.91 54.8 79 0.96
H_std_02_sm (H 50) 271 7.70 8.16 67.2 8.2 0.94
H_std_05_sm (H 38) 221 8.46 9.06 76.7 8.5 0.93
H_std_03_sm (H 25) 171 9.47 10.3 91.1 8.8 0.92
H_var_0l_sm 471 6.53 7.61 484 6.4 0.86
H_var_02_sm 471 6.25 6.80 46.1 6.8 0.92
H_var_03_sm 471 7.60 11.6 53.1 4.6 0.65
H_var_04_sm 471 6.37 7.03 526 7.5 091
H_var_05_sm 371 6.11 6.36 54.8 8.6 0.96
H_std_01_Im (H 100) 471 4.33 448 384 86 0.97
H_std_02_Im (H 75) 271 5.68 6.01 54.5 9.1 0.95
H_std_03_Im (H 25) 171 6.99 7.60 70.5 9.3 0.92
H_std_01_dl (H 100) 471 9.71 6.36 51.2 8.1 1.5
H_std_04_dl (H 75) 371 10.7 7.25 60.8 84 1.5
H_std_02_dl (H 50) 271 12.1 8.55 75.0 88 1.4
H_std_05_dl (H 38) 221 13.0 9.49 85.8 9.0 1.4
H_std_03_dl (H 25) 171 14.0 10.8 102 94 1.3
H_var_01_dl 471 10.7 7.99 69.3 8.7 1.3
H_var_02_dl! 471 10.5 7.14 53.2 7.5 1.5
H_var_03_dI 471 12.3 12.2 83.0 6.8 1.0
H_var_04_dl 471 10.7 7.42 61.2 8.2 1.4
H_var_05_dl 371 10.1 6.70 60.9 9.1 1.5
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Table A-8: H-Joint Stiffnesses (FEA)

Rotational Stiffnesses

Translational Stiffnesses

Unfolded [pNpm/rad] [nN/pm]
Variation Length
[pm] |[In-Plane | Out-of-Plane | In-Plane Axial | In-Plane Lateral
Ky K, K K,

H_std_01_sm (H 100) 471 478 455 224 0.515
H_std_04_sm (H 75) 371 607 570 293 LIl
H_std 02_sm (H 50) 271 831 763 422 3.13
H_std_05_sm (H 38) 221 1,020 919 5.40 6.17
H_std_03_sm (H 25) 171 1,320 1,160 7.51 14.2
H_var_01_sm 471 761 570 5.17 0.772
H_var_02_sm 471 606 525 2.55 0.618
H_var_03_sm 471 1,810 782 10.3 1.54
H_var_04_sm 471 850 620 3.99 1.63
H_var_05_sm 371 607 570 2.93 1.09
H_std_01_Im (H 100) 471 478 455 2.24 0.515
H_std_02_Im (H 75) 271 831 763 4.22 3.13
H_std_03_Im (H 25) 171 1,320 1,160 7.51 14.2
H_std_01_dl (H 100) 471 837 2,100 3.93 0.90
H_std_04_dI (H 75) 371 1,060 2,540 5.13 1.95
H_std_02_d! (H 50) 271 1,460 3,210 7.38 5.48
H_std_05_dl (H 38) 221 1,780 3,700 9.46 10.8
H_std_03_dl (H 25) 171 2,310 4,380 13.2 24.8
H_var_01_dl 471 1,330 2,540 9.05 1.35
H_var_02_dI 471 1,060 2,480 4.46 1.08
H_var_03_d! 471 3,160 3,490 17.93 2.70
H_var_04_dI 471 1,490 2,950 6.98 2.85
H_var_05_dI 371 1,060 2,540 5.13 1.91
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A.43 Derived Equations

Num (250um)!-%
K, = 9ooB=RHM B -
o i (230um) (A-2)
N (250pum)!'?
K, = 478N, (—P— (A-3)
um L
K, = 418N (250um ’“)3'28 (A-4)
y T L
Num (250pum)%92
K, = 820=LT0. S -
¢ rad ( L ) (A-3)
.Ifﬁ o _l.; 51 o 1 liQ oc [ 0-08 (A-6)
Ky 1019 Ky 1228 0
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A.S I-Joints

A.5.1 Layout Schematics

Y.

X
2 > ANSYS
co-ordinate
1 v system
Figure A-3: Geometric Layout of an I-Joint
Table A-9: I-Joint Variations
Variati Folded Length [nm] Unfolded Segments | Segments
ariation Length 2pm wide | dpm wid
L L, Ly ength [pm] | 2p pm wide
I_std 0l 30 3001
Table A-10: Joint Segments of an I-Joint
Joint Point (X, Z) [pm] Angle Radius
Segment | Geart | End | Centre | Start | End | [#m]
1 -15,0 | 15,0
A.5.2 FEA Results
Table A-11: I-Joint-Mass Resonance Frequencies
Unfolded Resonance Frequency [kHz) Frequency Ratios
Variation Length | Qut-of-Plane | In-Plane |In-Plane| Axial | Out-of-Plane
{pm] Rotational | Rotational | Axial [ In-Plane In-Plane
I_std_01_sm (I 30) 30 22.1 24.4 206 8.4 0.91
I_std Ol _Im (I 30) 30 16.3 17.9 150 83 091
I_std_01_d1 (I 30) 30 304 25.4 251 9.9 1.2
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Table A-12: I-Joint Stiffnesses (FEA)

Rotational Stiffnesses Translational Stiffnesses
Unfolded [nNpm/rad) [sN/pm]|
Variation Length
{um] |In-Plane | Out-of-Plane]In-Plane Axial | In-Plane Normal
Ky K, K, K,
I_std_01_sm (130)§30 7,510 7,510 22,500 98.9
I_std 01_Im (I 30) |30 7,510 7,510 22,500 98.9
I_std_01_dl (I 30) §30 13,100 40,300 39,400 173
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A.6 S-Joints

A.6.1 Layout Schematics

A
L
i X
Ly ; ANSYS
ij X z | co-ordinate
: v system
La
v v

Figure A-4: Geometric Layout of an S-Joint
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Table A-13: S-Joint Variations

Variation Folded Length [um| Unfolded Segmel'lts Segmel_lts
L¢ L, L, Length [pm| 2pm wide 4pum wide
S_std_01 100 50 232)1-10
S_std_02 50 25 132]1-10
S _std_03 200 | 100 432]1-10
S_std_04 150 75 3321 1-10
S_std_05 75| 375 182 | 1-10
S_var 01 100 50 23213,5,6,8 1,2,4,7,9, 10
S_var 02 100 50 232]1,2,4,7,9,10 | 3,5,6,8
Table A-14: Joint Segments of an S-Joint
Joint Point (X, Z) [um| Angle Radius

Segment | gyqr¢ End | Centre | Start | End | [#m]

1 -15,0 -12,0

2 -12,0 -6, -6 -12,-6 -90° 0° 6

-6, -6 -6, -L,

4a 6,-Ly | -3,-L;3 | -3,-L, | 180° | 90° 3

4b -3,-Ly-3 | 0,-L, -3, -L, 90° | o0° 3

5 0,-L, 0,0

6 0,0 0,L,

7b 3,L,+3 | 3,L+3 | 3,1, -180° | -90° 3

7b 3,L,43 |6, L, 3,L, -90° | 0° 3

8 6,L, 6,6

9 6,6 12,0 12,6 180° | 90° 6

10 12,0 15,0
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A.6.2 FEA Results

Table A-15: S-Joint-Mass Resonance Frequencies (FEA)

148

Resonance Frequency [kHz]

Frequency Ratios

Unfolded
Variation Length | Qut-of-Plane | In-Plane |In-Plane| Axial | Out-of-Plane
{nm] Rotational | Rotational | Axial | In-Plane |  In-Plane

S_std_03_sm (S 200) 432 5.09 6.45 12.5 1.9 0.79
S_std_04_sm (S 150) 332 6.00 7.40 19.0 26 0.81
S_std_01_sm (S 100) 232 7.36 8.88 33.7 3.8 0.83
S_std_05_sm (S 75) 182 8.39 10.0 499 5.0 0.84
S_std_02_sm (S 50) 132 994 11.8 85.1 7.2 0.84
S_var 01_sm 232 7.75 9.71 37.6 3.9 0.80
S_var 02_sm 232 1.1 16.4 57.7 3.5 0.68
S_std_03_dI (S 200) 432 6.87 6.75 13.9 2.1 1.0
S_std 04_dI (S 150) 332 7.97 7.75 212 2.7 1.0
S_std_01_dI (S 100) 232 9.67 9.30 37.7 4.1 1.0
S_std_05 dI(S75) 182 11.0 10.5 56.0 53 1.0
S_std_02_dI (S 50) 132 13.0 12.3 95.6 7.8 1.1
S_var 01 _dl 232 10.1 102 420 4 1.0
S_var_02_dl 232 16.0 17.1 64.4 3.8 0.93




Summary of Joint Properties 149

Table A-16: S-Joint Stiffnesses (FEA)

Rotational Stiffnesses Translational Stiffnesses
Unfolded [nNpm/rad] {pN/pm]
Variation Length
[sm] In-Plane | Out-of-Plane | In-Plane Axial | In-Plane Normal
K, K, K, K,
S_std_03_sm (S 200) 432 520 370 0.15 233
S_std_04_sm (S 150) 332 680 490 0.33 28.9
S _std_01_sm (S 100) 232 970 710 1.04 379
S std_05_sm (S 75) 182 1,240 910 2.26 439
S_std_02_sm (S 50) 132 1,710 1,270 6.51 54.9
S_var_0l_sm 232] 1,170 780 1.30 64.6
S_var_02_sm 232 3,350 1,690 3.13 71.9
S_std_03_dl (S 200) 432 910 1,020 0.26 41.1
S_std_04_dl (S 150) 332 1,190 1,340 0.58 50.6
S_std_01_dI (S 100) 232 1,700 1,960 1.81 66.3
S_std_05_dI (S 75) 182 2,170 2,560 3.95 78.5
S_std_02_dI (S 50) 132 2,990 3,660 11.4 96.1
S_var_01_dl 232] 2,040 2,150 2.28 106
S_var_02_dl 232] 5870 6,130 5.49 126
A.6.3 Derived Equations
Num (250pm) !0
K, = 900kNAm , (250um) (A-7)
rad L
3.19
K = 083N, (25_()@) (A-8)
X pum L
N (250um)%72
K = 3s5BX. (_L) (A-9)
y pm L
Num (250pm)!-03
K, = 6soblum ( ) A-10
¢ rad L ( )
K K K
—"oc—l—; =X oc 028 b 1 (A-11)
Ky 1219 o Ky 003
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A.7 U-Joints

A.7.1 Layout Schematics

-

I~
v

ANSYS
co-ordinate
system

Figure A-5: Geometric Layout of an U-Joint

Table A-17: U-Joint Variations

. Folded Length [um] Unfolded Segments Segments
Variation Lensgth 2 id 4 wid
L L, Ly ength {pm] | 2pum wide pm wide
U_std 01 65 50 261 1-10
U_std_02 115 100 461 1 1-10
U_std_03 40 25 161 ]1-10
U_std_04 90 75 361}F1-10
U_std_0S 525} 375 211§ 1-10
U_var_01 65 50 261312,4,6,8 1,3,5,7,9,10
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Table A-18: Joint Segments of an U-Joint

Joint Point (X, 2) [um| Angle Radius
Segment | gigpy End Centre | Start | Ena | [#m]
la -15,0 -9, -6 -15,-6 -90° 0°
Ib -9,-6 -15,-12 | -15,-6 0° | 90°
2 -15,-12 | -L,,-12
3a Ly 12 | -Ly-3,-15 | -L,,-15 | -90° | -180° 3
3b “Ly-3,-15 | Lo, -18 | -L,,-15 | 180° [ 90° 3
4 -L,,-18 | -15,-18
5a -15,-18 | 0,-3 -15,-3 90° 0° 15
5b 0,-3 -15,-12 | -15,-3 0° | -90° 15
6 5,12 | <Ly, 12
7a Ly 12 | <Lg-3,15 | <L, 1S 90° | 180° 3
7b Lg3,15 | <L, 18 | <L, 15 0° | -90° 3
8 L, 18 | -16.18, 18
9 -16.18,18 | 7.21,45 | -16.18,-9 | -90° | -30° 27
10 721,45 | 15,0 15,9 150° | 90° 9

151



Summary of Joint Properties 152

A.7.2 FEA Results
Table A-19: U-Joint-Mass Resonance Frequencies (FEA)

Unfolded Resonance Frequency [kHz] Frequency Ratios
Variation Length | Qutof-Plane | In-Plane | In-Plane| Axial | Out-of-Plane

Isml | Rotational |Rotational | Axial | in-Plane | In-Planc
U_std_02_sm (U 115) 461 4.39 4.49 476 11 0.98
U_std_04_sm (U 90) 361 5.33 5.50 56.5 10 097
U_std_01_sm (U 65) 261 6.74 7.04 70.1 10 0.96
U_std_05_sm (U 53) 211 7.74 8.18 81.0 9.9 0.95
U_std_03_sm (U 40) 161 9.08 9.79 98.5 10 0.93
U_var_01_sm 261 7.72 8.59 812 9.45 0.90
U_std_02_dI (U 115) 461 7.64 4.79 52.6 T 1.6
U_std_04_di (U 90) 361 9.05 5.84 62.8 T 1.5
U_std_01_dl (U 65) 261 11.0 7.45 78.3 11 1.5
U_std_05_dl (U 53) 211 12.2 8.64 90.7 10 14
U_std_03_dl (U 40) 161 13.7 10.3 1" T 1.3
U_var 01_dl 261 133 9.11 90.2 991 1.5
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Table A-20: U-Joint Stiffnesses (FEA)

Rotational Stiffnesses Translational Stiffnesses
Unfolded [sNum/rad] [nN/pm]
Variation Length
(pm] JIn-Plane | Out-of-Plane | In-Plane Axial | In-Plane Normal
Kg K, K, K,
U_std 02_sm (U 115) 461 490 470 2.35 0.469
U_std 04_sm (U 90) 361 620 590 3.11 0.982
U_std_01_sm (U 65) 261 860 790 4.59 2.70
U_std_05_sm (U 53) 211 1,070 960 6.03 5.25
U_std_03_sm (U 40) 161 1,400 1,220 8.78 12.2
U_var 01_sm 261 1,420 1,130 6.39 8.35
U_std_02_dI (U 115) 461 855 2,150 4.11 0.810
U_std_04_dl (U 90) 361 1,090 2,620 5.44 1.71
U_std_0t_dI (U 65) 261 1,510 3,350 8.03 4.70
U_std_05_dI (U 53) 211 1,870 3,890 10.6 9.17
U_std_03_dI (U 40) 161 2,440 4,640 154 213
U_var_01_dl 261 2,490 5,660 11.2 14.5
A.7.3 Derived Equations
CORy = -0.488L.+8.87 = —-0.488L, +1.55 (A-12)
_ uNum (250pum) !0
Ky = 900 . (A-13)
rad L
1.25
K, = 5.0EN. (&P_ﬂ_l) (A-14)
pm L
. pN  (250pm)30% .
Ky = 3.1 ( ) (A-15)
pm L
Num (250 pm) 092
K, = 820k : A-16
¢ rad L ( )
K K K
Sxoe L. Yo L —$ o [0.08 (A-17)
Ke 1025 Ke L1209 0
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A.8 V-Joints

A.8.1 Layout Schematics

X
| > ANSYS
Z co-ordinate
v system

Figure A-6: Geometric Layout of an V-Joint
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Table A-21: V-Joint Variations

Variation Folded Length [pm] Unfolded Segmel.lts Segmel'lts
Le L, L, Length [pm| | 2pm wide | 4pm wide
Vv_std 01 | 54.75 | 39.75 258 ) 1-9
V_std_02 90 75 45731 1-9
V_std 03 | 37.25| 2225 159 | 1-9
vsdos | 725 575 371 1-9
V_std 05 § 45.75 | 30.75 22111-9
V_var_01 | 54.75 | 39.75 25812,4,6,8 1,3,5,7,9
Table A-22: Joint Segments of an V-Joint
Joint Point (X, Z2) [pm| Angle Radius
Segment Start End Centre Start | End [ [pm]
la -15,0 -145,0
1b -14.5,0 -9.5,-6 -14.5, -6 -90° 0°
Ic 9.5, -6 -10.25,-1025 |-14.5,-6 0°] 45°
2 -10.25,-10.25 | -L,, -L,
3a Ly -L, -L,, -L,-4.5 -L,+2.25,-L,-2.25 ] 225°| 135° 3.18
3b -L,,-L,-4.5 -L,+4.5,-L,-4.5 | -L,+2.25,-L,-2.25] 135°| 45° 3.18
4 -L,+4.5,-L,-4.5 | -4.25,-13.25
Sa -4.25,-13.25 -0.63, -4.5 -13,-4.5 45° 0° 12.37
5b -0.63, -4.5 -4.25,4.25 -13,-4.5 0° | -45° 12.37
6 -4.25,4.25 L, L,
7a L, L, -L,, L,+4.5 -L,+2.25,L,+2.25 | 135°|225°] 3.18
7b -L,, L,+4.5 -L,+4.5, L, +4.5 | -L,+2.25, L,+2.25 | 225°|315° 3.18
8 -L,+4.5, L,+4.5 | 5.11,3.89
9a -5.11,3.89 14.5,0 14.5, 13.28 135 90§ 13.28
9b 14.5,0 15,0
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A.8.2 FEA Results
Table A-23: V-Joint-Mass Resonance Frequencies (FEA)

Unfolded Resonance Frequency [kHz| Frequency Ratios
Variation Length | oyeof-Plane | In-Plane |In-Plane| Axial | Out-of-Plane

[wm] Rotational | Rotational | Axial [ In-Plane In-Plane
V_std_02_sm (V 90) 457 441 4.85 15.4 32 091
V_std_04_sm (V 73) 358 5.31 5.83 224 3.8 0.91
V_std_01_sm (V 55) 258 6.66 7.33 37.0 5.1 0.91
V_std_05_sm (V 46) 207 7.65 8.46 51.7 6.1 0.90
V_std_03_sm (V 37) 159 8.95 9.96 77.3 7.8 0.90
V_var_01_sm 258 7.23 8.23 40.9 5.0 0.88
V_std_02_dI (V 90) 457 6.96 5.16 17.1 33 1.3
V_std_04_dI (V 73) 358 8.16 6.18 25.0 4.0 1.3
V_std_01_dI (V 55) 258 9.93 7.74 414 54 1.3
V_std_05_dl (V 46) 207 11.2 8.91 579 6.5 1.3
V_std_03_di(V 37) 159 12.8 10.5 86.7 83 1.2
V_var_01_dl 258 11.0 8.69 45.7 5.3 1.3
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Table A-24: V-Joint Stiffnesses (FEA)

Rotational Stiffnesses Translational Stiffnesses
Unfolded [nNpm/rad] (uN/pm|]
Variation Length
[nm] In-Plane | Out-of-Plane | In-Plane Axial | In-Plane Normal
Kq K, K, K,
V_std_02_sm (V 90) 457 493 405 0.23 1.02
V_std_04_sm (V 73) 358 629 517 0.47 1.93
V_std_01_sm (V 55) 258 874 717 1.26 4.94
V_std_05_sm (V 46) 207 1,090 892 2.44 9.10
V_std_03_sm (V 37) 159 1,419 1,160 5.40 18.2
V_var_01_sm 258 1,121 853 1.56 9.15
V_std_02_dl (V 90) 457 862 1,360 0.40 1.63
V_std_04_di (V 73) 358 1,100 1,730 0.82 3.31
V_std_01_dl (V 55) 258 1,530 2,400 2.21 8.53
V_std_05_dl (V 46) 207 1,910 2,970 4.27 15.8
V_std_03_dI(V 37) 159 2,480 3,850 9.45 31.6
V_var 01 _di 258 1,960 2,950 2.73 15.7
A.8.3 Derived Equations
CORV = — 0.498Lf+ 890 = —~ 0.498La +1.43 (A-18)
K, = 9ookNpm (250“"‘) 0 El (A-19)
o rad L L
pN  (250pum)29?
K, = 1480 (230um) (A-20)
um L
2.75
K, = 53L (—P—) (A-21)
K, = 74oBNEm (250““‘) L0 (A-22)
¢ rad L
K K K
= 1 Yo L b (A-23)
Ke L1-99 KO L175 Ke
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A9 X-Joints

A.9.1 Layout Schematics

| ANSYS
| 4 co-ordinate
v system

10a

La Lb

Figure A-7: Geometric Layout of an X-Joint
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Table A-25: X-Joint Variations
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Variation Folded Length [pm| Unfolded Segmel.lts Segmer'ns
L L, L, Length [pm]| 2pm wide 4pm wide

X_std 01 | 79.5| 39.75 | 39.75 458 31 1-16

X_std 02 | 445 2225 | 22.25 260 | 1-16

X std 03 | 26.5| 13.25} 13.25 158 1-16

X_std_04 62 31 31 3591 1-16

X_std 05 | 37.5| 17.75 | 17.75 209 1-16

X_var 01 § 79.5 | 39.75 | 39.75 458 } 1-3,7-10, 14-16 4-6,11-13

X_var 02 ] 79.5 | 39.75 | 39.75 458 J 1-7,10-16 8-9

X_var_03 | 79.5 | 39.75 | 39.75 45811,3,5,7,10,12,14,16 { 2.4,6, 8,9, 11, 13, 15

X_var 04 ] 79.5 | 39.75 | 39.75 458 § 1-5,10-13 5-8,12-16

X_var_05 62 | 39.75 | 22.25 3591 1-16
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Table A-26: Joint Segments of an X-Joint

Joint Point (X, 2) [um} Angle Radius
Segment Start End Centre Start | End | [nm]
la -15,0 -14.5,0
1b -145,0 -9.5, -6 -14.5, -6 -90° 0°
lc 9.5, -6 -10.25,-10.25 |-14.5, -6 0°| 45°
2 -10.25,-10.25 |-L,,-L,
3a -Ly,-L, Ly, -Ly4.5 -L,+2.25,-L,-225] 225°| 135°]  3.18
3b -L,, -L,-4.5 -L,+4.5, -L,-4.5 | -L,+2.25,-L,-2.25 | 135°| 45° 3.18
4 -L,+4.5,-L,-4.5 | -5.75, -14.75
5a -5.75,-14.75 0,-12.37 0, -20.5 225° | 270° 8.13
5b 0,-12.37 5.75, -14.75 0, -20.5 270° 315° 8.13
6 5.75,-14.75 Ly-4.5,-Ly4.5
7a Ly-4.5,-Ly-4.5 | Ly, -Ly4.5 Ly+2.25,-Ly-2.25 | 135°| 45° 3.18
7b Ly, -L,-4.5 Ly, -Ly Ly+2.25,-Ly-225 § 450 45°] 3.8
8 Ly, Ly 0,0
9 0,0 Ly, L,
10a L, L, -L,, L,+4.5 -L,+2.25,L,+2.25 | 1352 225°]  3.18
10b Ly, L,+4.5 -L,+4.5, L, +4.5 | -L,+2.25, L,+2.25 | 225°[315°] 3.18
1 -L,+4.5, L,+4.5 | -5.75, 14.75
12a -5.75, 14.75 0, 12.37 0, 20.5 135°] 90° 8.13
12b 0, 12.37 5.75, 14.75 0, 20.5 90° | 45° 8.13
13 5.75,14.75 Ly-4.5, L,+4.5
14a Ly-4.5, Ly+4.5 | Ly, Ly+4.5 Ly+2.25, Lp+2.25 | 225°|315°]  3.18
14b Ly, Ly+4.5 Ly, Ly, Ly+225, Ly+2.25 | -45°| 45°] 3.8
15 Ly, Ly, 10.25, 10.25
16a 10.25,10.25 95,6 14.5, 6 225} 180 6
16b 95,6 14.5,0 145, 6 180 90
16¢ 14.5,0 15,0
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A.9.2 FEA Results

Table A-27: X-Joint-Mass Resonance Frequencies (FEA)

161

Unfolded Resonance Frequency [kHz] Frequency Ratios
Variation Length | Qut-of-Plane | In-Plane |In-Plane| Axial | Out-of-Plane
(nm] Rotational | Rotational | Axial | In-Plane In-Plane

X_std_01_sm (X 80) 458 5.54 6.20 25.6 4.1 0.89
X_std_04_sm (X 62) 359 6.33 7.06 35.7 5.1 0.90
X_std_02_sm (X 45) 260 7.50 8.35 544 6.5 0.90
X_std_05_sm (X 38) 209 8.38 9.33 71.6 7.7 0.90
X_std_03_sm (X 27) 158 9.64 10.7 100 93 0.90
X_var_01_sm 458 6.37 7.77 323 42 0.82
X_var_02_sm 458 6.00 6.99 275 39 0.86
X_var_03_sm 458 7.63 1.1 43.5 39 0.69
X_var_04_sm 458 6.37 7.48 33.0 44 0.85
X_var_05_sm 359 5.99 6.61 329 5.0 0.91
X _std_01_Im (X 80) 458 4.10 4.58 209 4.6 0.90
X_std_02_Im (X 45) 260 5.53 6.15 44.1 7.2 0.90
X_std 03_Im (X 27) 158 7.11 7.91 75.1 9.5 0.90
X_std_01_d1 (X 80) 458 8.09 6.51 28.5 4.4 1.2
X_std_04_dl (X 62) 359 9.17 7.41 39.8 54 1.2
X_std_02_dI (X 45) 260 10.8 8.75 60.9 7.0 1.2
X_std_05_dl (X 38) 209 12.0 9.78 80.1 82 1.2
X_std_ 03_dl1 (X 27) 158 13.7 11.3 112 10 1.2
X_var_01_dl 458 9.45 8.15 35.8 4.4 1.2
X_var_02_di 458 8.84 7.33 30.5 42 1.2
X_var_03_dl 458 11.8 11.7 48.0 4.1 1.0
X_var_04_dl 458 9.67 7.89 364 4.6 1.2
X_var_05_dl 359 8.88 6.96 36.7 5.3 1.3
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Table A-28: X-Joint Stiffnesses (FEA)

Rotational Stiffnesses Translational Stiffnesses
Unfolded [sNpum/rad] [nN/pm]
Variation Length
[pm] ]In-Plane| Out-of-Plane | In-Plane Axial | In-Plane Normal
Ky K, K, K,

X_std_01_sm (X 80) 458 492 408 0.63 0.853
X_std_04_sm (X 62) 359 628 521 1.20 1.73
X_std_02_sm (X 45) 260 868 721 2.74 4.32
X_std_05_sm (X 38) 209 1,080 899 4.68 7.79
X_std_03_sm (X 27) 158 1,430 1,190 9.08 159
X_var 01_sm 458 779 545 1.05 1.18
X_var_02_sm 458 627 481 0.74 1.06
X_var_03_sm 458 1,610 798 1.95 2.52
X_var_04_sm 458 914 599 1.14 2.92
X_var_05_sm 359 629 521 1.03 1.74
X_std_01_Im (X 80) 458 492 408 0.63 0.853
X_std 02_Im (X 45) 260 868 721 2.74 4.32
X_std_03_Im (X 27) 158 1,430 1,190 9.08 15.86
X_std_01_dl (X 80) 458 862 1.390 1.11 1.49
X_std_04_dl (X 62) 359 1,100 1,770 2.11 3.03
X_std_02_d1 (X 45) 260 1,520 2,470 4.80 7.55
X_std_05_dl (X 38) 209 1,890 3,080 8.19 13.7
X_std_03_dI (X27) 158 2,500 4,110 15.9 27.8
X_var_01_dl 458 1,360 1,940 1.84 2.06
X_var_02_dl 458 1,100 1,680 1.30 1.86
X_var_03_dl 458 2,810 3,210 342 441
X_var_04_dti 458 1,600 2,180 1.99 5.10
X_var_05_dl 359 1,100 1,770 1.80 3.04
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A.9.3 Derived Equations

Num (250um) !0
Ko = 900E=L ( £ A-24
0 rad L ) ( )
N (250pm)250
K, = 298N . (250um) (A-25)
| um L
N (250pum\%75
K, = 46N . (230um) (A-26)
pum L
Num (250um)!0!
K, = 7508=RDT . = ) A-27
¢ rad L ( )
K K K
Zxge L. oY e L b L (A-28)
Ky [150 Kg L\75 Ky L00!
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A.10 PC-Joints

A.10.1 Layout Schematics
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Figure A-8: Geometric Layout of a PC-Joint
Table A-29: PC-Joint Variations

Variation Folded Length [pm] Unfolded Gap Width | Segments | Segments

L, L, Ly Length [pm) fam] 2pm wide | 4pm wide
PC_std_01_sm 25 12.5 126 5411-9
PC_std_02_sm 50 25.5 201 794 1-9
PC_std_03_sm 75 375 276 104 | 1-9
PC_std_04_sm 100 50 351 129} 1-9
PC_std_05_sm 125 62.5 426 154 | 1-9
PC_std_06_sm 1 0.5 54 30 1-9
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Tsable A-30: Joint Segments of an PC-Joint

Joint Point (X, Z2) [pm] Angle Radius
Segment Start End Centre Start | End | [pm]
1 -L,-14.5,0 -L,-7.25,3 -L,-14.5, 10.25 90°| 4s5°] 1025
2 -L,-7.25,3 -L,, 6 -L,, -4.25 225°(270°] 1025
3 L, 6 L,6

4a L, 6 L+3,3 L3 270°| ©° 3
4b L+3,3 L, 0 L3 0°| 90° 3
5 L, 0 -L,, 0

6a L, 0 -L,-3, -3 Ly, -3 270° | 180° 3
6b -L,-3,-3 -L,, -6 L, -3 180°| 90° 3
7 -L,, -6 L, -6

8 Ly -6 L,+7.25, -3 Ly, 425 90°| 45°| 10.25
9 L,+7.25,-3 L,+14.5,0 L,+14.5,-1025 | 225°(270°| 10.25

A.10.2 FEA Results

Table A-31: PC-Joint Stiffnesses (FEA)
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Rotational Stiffnesses Translational Stiffnesses
Unfolded [(uNpm/rad) [pN/pm]
Variation Length
[pm] In-Plane | Out-of-Plane | In-Plane Axial | In-Plane Normal
Ky K, K, l(y
PC_std_05_sm (PC 125) 426 529 521 220 0.0393
PC_std_04_sm (PC 100) 351 642 630 28.2 0.0620
PC_std_03_sm (PC 75) 276 816 797 364 0.111
PC_std_02_sm (PC 50) 201 1120 1090 51.6 0.244
PC_std_01_sm (PC 25) 126 1790 1700 88.5 0.841
PC_std_06_sm (PC 1) 54 4170 3720 283 38.8
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A.10.3 Derived Equations

Num (250um)!00
= goolipm p -
Ko = 900LIL ( ! ) (A-29)
1.13
K, = 41EX . (230um) (A-30)
’ pm L

_ N (250pm)3!8 i

K, 0.161‘—pm ( ) ) (A-31)
Num (250um)%9%7

= g7l MM p 232
Ko = 876 rad ( L ) (A-32)
B L. Ky 1 K o 1003 (A-33
Ky  L150 Ky L218 K,

Ly = (L-51pm)/3+29pm = Lc+29pum (A-34)



B ANSYS Macros

Due to the large number of joint variations examined in this thesis most FE simulations
were carried out in batch mode using ANSYS macros. This appendix gives a brief intro-

duction in the preparation of an ANSYS macro.

The easiest way to create a simple ANSYS macro is to carry out the analysis in the
interactive mode and use the log-file of the interactive session as a starting point for the cre-
ation of a macro. All commands executed during the interactive session using menus and
dialogue boxes are recorded in their command language version in the log-file. To create a
parameterised macro the respective fixed values have to be substituted by variables in the
macro. After erasing all unnecessary code (e.g. from errors made in the interactive session,
recorded in the log-file) the macro can be save as a ANSYS macro file by giving it the ex-

tension .mac.

B.1 Interactive Session
As an example the following steps will create a cantilever beam and calculate its first three

resonant modes.

¢ Start an ANSYS interactive session

- Enter the Working Directory where all files of your model will be stored,
e.g.C:\temp\beam.

- Enter the /Initial Jobname. This is the base-name for all the files related to
your model, e.g. beaml.

- For standard models all other settings in this dialogue can be kept at their
default entries.
* Enter the preprocessor by selecting Preprocessor from ANSYS Main Menu

- Choose an element type:
Element Type > Add/Edit/Delete... > Add...

+ Choose element type Structural Beam > 3D elastic 4
+ Close the dialogue box

- Specify real constants:
Real Constants > Add/Edit/Delete... > Add...

+ Choose element type: Type 1 BEAMA4
+ Enter beam properties: area, cross-sectional moment of inertia, etc.
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+ Only enter the properties necessary for the type of analysis intended.
- Specify material properties:
Material Props > Constant - Isotropic ...
+ Specify Material number: 1
+ Enter material properties: Young’s modulus, Poisson’s ratio, etc.
+ Only enter the properties necessary for the type of analysis intended.

- Create keypoints:
Modeling ~ Create > Keypoints > In Active CS ...

+ Enter Keypoint number
+ Enter keypoint co-ordinates
+ Repeat for second keypoint

- Create a straight line:
Modeling - Create > Lines - Lines > Straight Line

+ Pick keypoints 1 and 2 and click OK

- Define line attributes:
Attributes - Define > All Lines

+ Choose Material number, Real constant set number, and Element
type number

+ In this case choose 1 for all.
- Select number of elements:

Meshing - Size Cntrls > ManualSize - Lines - All
Lines
+ Set No. of element divisions to 10
- Mesh the line:

Meshing - Mesh > Lines
+ Pick line 1 and click OK

- Switch on element shape display
PlotCtrls > Style > Edge Options

+ Set Display of element to On
+ Set Real constant multiplier to 1

* Enter the solver by selecting Solution from ANSYS Main Menu
- Specify Constraints:
Loads - Apply > Structural - Displacement > On Key-
points
+ Pick keypoint at left end of beam and click OK
+ Select DOFs to be constraint > All DOF

+ Set Displacement value to 0
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- Select Analysis Type:
Analysis Type - New Analysis...

+ Set Bype of analysis to Modal

- Set analysis options:
Analysis Options..

+ Set Mode extraction method to Subspace
Set No. of modes to extract to 3

Set Expand mode shapes to Yes

Set No. of modes to expand to 3

Set Calculate elem results? to Yes

Select OK

Leave all entries at default values on Subspace Modal Analysis dia-
logue and select OK

- Start the solver:
Solve - Current LS

+ Check Solution Options in pop-up window and close window
+ Select OK to start solution
* Enter the postprocessor by selecting General Postproc from ANSYS Main
Menu

- Check results:
Results Summary...

+ The first three resonance frequencies are displayed.
- Display mode shapes:
+ Read results:
Read Results - Next Set
+ Plot mode shape:
Plot Results > Deformed Shape ... > Def shape
cnly

+ Repeat for other modes

+ + + + + 4+

* Exit the Program by selecting Exit ... from File

- Save geometry and loads:
Save Geom+Loads
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B.2 Creating an ANSYS Macro
Using the log-file of the interactive session from the previous section a simple macro can

be created.

* Open the log-file, e.g. beaml.log, with a text editor

- Check commands:
Help on all commands can be found in the ANSYS Command Manual in the
on-line help

- Erase unnecessary commands, e.g. commands specifying defaults or mis-
takes that were entered during the interactive session.

- Check the commands that involved picking entities during the interactive
session.

+ Replace all P51X entries in the commands with the respective entity
numbers:
ANSYS uses P51X as an identifier for picked entities.

- Add comments:
All lines starting with ! are treated as comments

* Save the macro as an ANSYS macro file, e.g. beaml .mac.

B.3 Using an ANSYS Macro
If the macro file is in the job directory it can be executed like a regular command by just

entering beaml in the command line of ANSYS.

Macros have to be used to do ANSYS analyses in batch mode. In batch mode the
model is created and the solution is calculated without any graphical output. This greatly
decreases calculation times and makes the successive calculation of a large number of mod-

els without supervision possible.



C L-Edit Macros for Joint Creation
The layouts of the joints examined in this thesis were created using a macro module con-
taining five L-Edit macros. The module can be found in the MEMS Pro Workdir under
MUMPS\Joints and is called joints. c. Once loaded into L-Edit, the macros can be
started by pressing F/2 to create an X-joint, F'/] for an H-joint, F10 for an S-joint, F9 for
a V-joint, and F§ for a U-joint.

Each macro starts a number of dialogue boxes to enter the properties of the respective
joint. Input properties are the location of the joint centre, the folded length, the widths of
the joint sections described in Appendix A, as well as the cell name for the created joint and

the lithography level it will be created on.

The joints are created from wires with 100 vertices and rounded ends. The division
into 100 vertex pieces was necessary to make file export to GDSII files possible. The GD-
SII file format only supports elements with up to 200 vertices.
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D Experimental Procedures
The following sections present step-by-step descriptions of the experimental procedures

used in this thesis.

D.1 Aerodynamic Excitation
The following is a step-by-step description of the aerodynamic excitation. Background and
motivation for this method can be found in Chapter 7.2.2.

e Make sure that the structure is not stuck to the ground by poking it with the

probe needle. Normally axial compression releases the structure, but some-
times the folded joint arms have to be released as well.

* Connect the photo-detector to the oscilloscope.

» Use the following settings on the oscilloscope:

- Input: AC coupling
- Trigger: Rising edge, AutoLvl mode
- Run control: Run

* Load a probe manipulator with a hypodermic needle:
- Use a 26G 1/2 hypodermic needle

* Connect the on-table air supply to the hypodermic needle:
- Connect the needle valve to the on-table air supply hose.
- Connect the needle valve and the hypodermic needle using a thin
plastic hose. The hose has to be dry!
* Test the air flow:
- Make sure the on-table air supply valve is closed.

- Open the valve that lets compressed air flow into the backup air
tank and the on-table air supply.

- Open the on-table air supply valve.

- Adjust the air flow using the needle valve and the on-table air flow
regulator.

- Close the on-table air supply valve.
- Close the needle valve.

* Excite joint into resonance:

- Position the hypodermic needle so the air flow comes from the
anchor side of the joint, originating in the area of the joint anchor.

- Slowly open the on-table air supply valve.

172



Experimental Procedures 173

- Slowly open the needle valve.

- Adjust the position of the hypodermic needle (x, y, z) to yield best
excitation.

* Measure the resonance frequency:

- Position the laser in the path of the resonating joint.

- Adjust photo-detector to yield maximum signal.

- Adjust ranges on oscilloscope to show a number of oscillations.

- Be aware of frequency doubling.

- Take a snapshot by pressing the Stop button on the oscilloscope.

- Use the cursors of the oscilloscope to calculate the resonance fre-
quency using a number of oscillations to get an average value.

* Print the oscilloscope screen.
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D.2 The ‘Flick’-Test

The following is a step-by-step description of the ‘flick’-test. Background and motivation
for this method can be found in Chapter 7.2.3.

* Make sure that the structure is not stuck to the ground by poking it with the
probe needle. Normally axial compression releases the structure, but some-
times the folded joint arms have to be released as well.

* Connect the photo-detector to the oscilloscope and to the spectrum analyser.

* Use the following settings on the oscilloscope:

Input: DC coupling

Trigger: Falling edge, normal mode
Trigger level:  Just under Poly 0 level
Run control: Single

* Use the following settings on the spectrum analyser:

Display setup
+ Measure Group:
+ Measurement:
Trigger
+ Trigger Mode:
+ Trigger Level:
+ Trigger Slope:
Frequency
+ Span:
+ Acquisition Time:
+ FFT lines:
+ Base freq:
Average
+ # of Averages:
+ Display Avg:

FFT
FFT 1/2 (depending on input channel)

Auto Arm
Same as on Oscilloscope
Falling

12.5kHz
16s

200
100kHz

5
Peak Hold

* Use the probe to displace the end-mass and release it for at least five times.

¢ Print both screens
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E MUMPs Chips Fabricated
Table E-1 lists the chips that were designed by members of the Dalhousie MEMS Lab and
fabricated by Cronos with the generous support of the Canadian Microelectronics Corpo-

ration (CMC).
Table E-1: MUMPs Chips Designed by the Dalhousie MEMS Lab

Chip Code | Run Code | Submission Date Designers
RTM 9901MU March 1999 HF, TH

RT2 9902MU September 1999 HF, TH

CIJS 0001MU March 2000 HF, MK, TH

CMI 0001MU March 2000 JW, MK

MF1 0001MU March 2000 TH, MK, RB

MTI 0001MU March 2000 TH, MK

BCI1 0002MU July 2000 SB. JW, MJ, TH
CJ2 0002MU July 2000 HF, TH

TAI 0002MU July 2000 RH, MK, TH
CM2 0003MU November 2000 RH, YL, VR, DY, TH, MK
YC2 0101MU April 2001 YL, MK, TH

PS1 0l01MU April 2001 YL, MK, TH

Table E-2: Complete Chip Design Names

Chip Code Chip Name Chip Code Chip Name

RTM Ratcheting Torsional Motors BClI Bacteria Clamp 1

RT2 Ratcheting Torsional Motors 2 CJ2 Compliant Joints 2

CJS Compliant Joint Systems TAl Thermal Actuators 1
CMI Compliant Mechanisms | CcM2 Compliant Mechanisms 2
MF1 Micro-Flyer | YC2 Yeast Clamp 2

MTI Micro-Tools 1 PS1 Protein Sampler 1
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Table E-3: Chip Designers

Initials Name Initials Name
TH Dr. Ted Hubbard RB Dr. Robert Bauer
MK Dr. Marek Kujath MJ Dr. Manfred Jericho
JW James Wylde SB Sarah Burke
HF Heiko Fettig W Jane Walters
RH Ryan Hickey VR Vincent Roy
YL Yongjun Lai DY Dong-Hiu Yang
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F Finite Element Analysis of MEMS Devices

This chapter is the report of a directed study conducted during the winter term 1999 which
lead to the acquiring of an ANSYS license in September 1999. Some of the facts are now
outdated but the comparison of the different applications is still valid and the whole report

is included at this point for reference.

F.1 Introduction

The DalTech MEMS Group is conducting on-going research into the design and evaluation
of micro-electro-mechanical systems (MEMS). As the cost for manufacturing facilities are
very high these MEMS chips are designed on site and manufactured off site. This keeps the

manufacturing costs low but has the downside of a rather long turn around time.

With a time period of 12 to 16 weeks between the submission of a design and the re-
ception of the fabricated chip along with a spacing of two or four months between fabrica-
tion runs (depending on the process) efficient work on a trial and error basis is very
difficult. This is one of the reasons that prompted the decision of the MEMS Group to ex-
pand their area of interest to the simulation of MEMS devices.

After the successful development of an etch simulator for the prediction of etch
shapes in bulk micromachining the new focus will be on performance simulation of surface
micromachined devices.

Simulation of those devices during the design and the layout process will help pre-
venting layout mistakes and increase the performance of the manufactured device. Afier the
fabrication simulation can be used as a verification tool for both the manufactured device
and the simulation itself.

As many of the common MEMS devices include coupled energy domains, e. g. elec-
tro-mechanical interaction within a combdrive, the simulation of those devices can become
rather difficult. Chapter F.2 presents those difficulties along with a number of different ap-
proaches that can be taken.
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Since the whole simulation area is new to the MEMS group new software will have
to be acquired. Chapter F.3 introduces some of the most common commercially available
analysis packages. Chapter F.3.1 deals with packages specifically designed to work with
MEMS whereas Chapter F.3.2 gives an overview of two general simulation packages.

In addition to comments about the individual programs given in Chapter F.3 Chapter
F.4 summarizes the presented programs and gives some advice about acquiring a suitable

program.

F.2 Modelling MEMS

Finite Element Analysis (FEA) is one of today’s most utilised numerical solution process
in engineering. Originally developed for the solution of structural mechanics problems it is
now used in a wide variety of fields including structural dynamics, fluid dynamics, thermo-
dynamics and electrostatics. Basically every process that can be described by a differential

equation can be solved with FEA.

The general idea behind FEA is to geometrically split up a complex structure into a
number of simple shapes. A complex problem is split up into a number of simple problems.

The partial solutions of theses problems are then combine to form the general solution.

F.2.1 Coupled Energy Domains
Micro-electro-mechanical (MEM) devices tend to make the FE analysis more difficult as
they usually combine two or more of the fields mentioned above. These coupled energy do-
mains require a coupled analysis.

A classic case of coupled energy domains is the condenser microphone. A membrane
is mounted above a backplate and a voltage is applied between them. Considering only a
small deflection of the membrane this setup can be seen as a parallel plate capacitor. Its ca-
pacitance is directly proportional to the distance of the two plates. So a deflection of the
membrane results in a change of capacitance. But the application of a voltage the system
causes an electrostatic force between the plates which results in a deflection of the mem-

brane. A clear coupling of the electro static and the structural energy domain. This results
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in two coupled fourth order differential equations. These considerations do consider neither
the coupling of the sound waves to the membrane nor its dynamical behaviour. This would
only complicate the model much further.

This small example shows that a simple application can result in large problems that
have to be overcome in order to do a simulation.

Almost every MEMS device contains coupled energy domains. For example the cou-
pling in the case of the condenser microphone becomes stronger with smaller distances be-
tween backplate an membrane as well as smaller thicknesses of membrane and backplate.
This is more likely to occur in a micro-device than in a macro-device.

Other examples are micro-pumps, involving a coupling of fluid dynamics with ther-
modynamics and structural mechanics, and combdrives, combining structural mechanics

with structural dynamics and electro statics.

There are different approaches to solve this problem.

F.2.2 Approaches
There are basically three possible approaches to solving the problem of coupled energy do-

mains:

1. Find the underlying differential equations and write a special program to
solve them.

Use one of the hundreds of programs that other researchers have written
for special problems.

3. Use commercially available simulation software.

o

F.2.3 Do It Yourself

This approach requires a lot of background and mathematical knowledge as well as a lot of
man power. Nevertheless it might sometimes be the only possible way to do simulation at
all, e. g. if the problem is so specific that none of the commercially available programs and

none of the programs written by other researchers can do the simulation.

As an example, at the MESA Research Institute of the University of Twente in En-

schede, The Netherlands researchers did simulations on subminiarture condenser micro-
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phones by setting up the differential equations, transferring them into a finite differences
system and solving it with a self written C program. The results they obtained proved to
have higher detail, than what could be achieved with analytical models. Due to the com-
plexity and non-linearity of the model, however, they were not able to attain a general so-
lution, meaning that the simulation has to be repeated if a parameter is changed.
Nevertheless the method appeared easier and more flexible to them in comparison with fi-
nite element packages (i. e. ANSYS), since for these programs an external routine have to
be developed to support the application of non-linear electrostatic forces. Therefore, they
also believed that the model based on finite differences gave a better trade-off between pre-

cision and calculation time. [F9]

F.2.4 Specific Programs!

Due to the wide variety of possible applications in the MEMS area and the specific prob-
lems arising therefrom many research groups have developed their own programs tailored
to their specific needs. In most cases these simulation tools run on workstations or PC sys-

tems.

The tools were primarily developed for sensor applications. SENSIM [F6], CAPSIM
[F10], CAEMENS-D [F15], SENSOR [F2] and NM/SEES [F12] use analytical approaches
and/or the more general finite element method (FEM) to simulate the output characteristics
of sensors for mechanical, thermal or magnetic quantities. Most of the above-mentioned

tools concentrate on the simulation of capacitive or piezoresistive pressure sensors.
In the field of actuators of tool for the simulation of micro-pumps was developed.
PUSI [F14] can simulate and optimise the complex dynamic behaviour of a micro-pump.

Other codes have been developed for the simulation of the production process, dy-
namical simulation of electrostatic actuators, handling of nonlinearities, temperature de-

pendent behaviour and many other fields.

The main problem with these codes is that they are usually so specific that they can

only be used for the problem they were designed for. One of the major problems is that as

1. See{Fl11]
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of now there are almost no standard design components for micro-systems. There are com-
ponents like linear and torsional combdrives as well as other very common parts but as the
optimal design for those parts has yet to be found even these common components differ in
shape from device to device. So if a simulation code was designed for one specific comb-
drive it is not necessarily applicable to every combdrive. Therefore, in most cases, it is eas-

ier to either write a new program or use one of the more general simulation packages.

F.2.5 Commercial Simulation Packages
In recent years responding to the growing interest in MEMS more commercial simulation

packages have become available. These can be divided into two groups.

The first group consists of programs that have been specifically design for the use
with MEMS. Most of these programs were first developed as a solver for a specific pro-
gram. During the years these programs have been constantly expanded and/or combined

with other programs to increase their functionality

Chapter F.3 provides an in-depth look at the most interesting programs of this group:
« MEMCAD
* IntelliSuite
« MEMS Pro

The members of the second group are general simulation packages that were designed for
FEA of a large number of applications. Although not specifically designed for the use with
MEMS they are frequently used for the simulation of MEMS components. In fact some are
being extended to make the use with MEMS easier.

Chapter F.3 provides an in-depth look at the two programs of this group that are fre-
quently used for the simulation of MEMS:

* ANSYS

* ABAQUS
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As our MEMS group at DalTech neither has the time nor the experience to follow ap-

proaches one or two, one of these commercial packages will have to be chosen.

F.3 Analysis Packages

There are many analysis packages commercially available. They can be divided into pack-
ages that were specifically designed for analysis of MEMS and into general packages that
can be used for analysing MEMS.

F.3.1 MEMS Packages
Of the available package a closer look is taken at two packages which are very powerful
but also rather expensive. Also a MEMS product by Tanner EDA, the developer of L-Edit

is introduced.

F.3.1.1 MEMCAD!
MEMCAD is probably the most powerful MEMS simulation package available at the mo-

ment. Unfortunately it is also the most expensive. It was developed at the Massachusetts
Institute for Technology in Cambridge, Massachusetts and is now distributed by Micro-

cosm.
The latest version is MEMCAD 4.5 which is divided into four major components:

. Construction

. Device Modelling

. Managed Simulation
. Visualizer

[ -SLVS B {6 Ry

Device Creation

In addition to a basic integrated 2D layout editor designs can be imported in either CIF or
GDSII format. After defining the mask layers the process editor allows the creation of a
flow simulating the fabrication process. Materials, mask dimensions, and etch profiles are
entered into the process flow using a sequence of deposit an etch steps. All material prop-

erties can be taken from a database. Although MEMCAD is generally used with surface mi-

1. See [F8]
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cromachining the correct specification of the fabrication process also allows for its use with
bulk etching.

By importing the file into MemBuilder a 3D model is automatically rendered. It can
be further modified if desired. Alternatively the complete layout can be defined in Mem-
Builder.

MemBuilder produces finite element mesh geometries for all problems involving me-
chanical deformation, thermal mechanics, fluidics, and fluid mechanics. Electrostatic prob-

lems are supported by boundary element methods.

Device Modelling

MEMCAD comes with an extensive set of solvers for all different types of problems. Not

all of these solvers have to be purchased. Only the ones needed can be chosen.

The solvers are rich in features and allow many different types of solutions to be com-

puted. Examples include:
* Capacitance and charge calculations
* Deformations from applied pressures or forces
* Coupled electromechanical solutions
* Solutions using full contact boundary conditions
* Modal analysis of the vibration frequencies of mechanical devices
Computed solutions can be viewed either in table matrix format or can be visualised using

MEMCAD Visualizer.

Managed Simulation

The Simulation Manager allows the creation of batch run iterations by defining parameters
to be varied during the simulation. Hereby model dimensions, temperature or voltage val-
ues or other boundary conditions can be varied without modifying the original base model.
The complete set of solutions can be animated in Visualizer to clearly define trends and var-

iations.
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Other possible managed simulations include simulation of package models used to
house MEMS devices and the extraction of spring constant parameters from a non-linear

spring model.

Visualizer

The solver output for most MEMS models includes a significant amount of data for analysis
and post-processing. With the Visualizer tool this data can easily be displayed in a variety
of different 2D and 3D plots. Also the results data can be mapped graphically onto the orig-

inal model and analyse the solution.

The Visualizer allows viewing of several different types of stresses, thermal varia-
tions, temperature gradients, pressures, current densities, and many other parameters, as
well as electrostatic fields and mechanical deformations. An adjustable slice plane allows
for a complete volume visualization.

After adjusting lighting and other parameters the results can be captured to a file ina

variety of resolutions and formats.

Summary
MEMCAD seems to be the tool of choice for the simulation of MEMS devices. It features

all the standard tools of good simulation packages for pre- and post-processing which have
been enhanced for the simulation of MEMS. Especially the tool for defining the fabrication
process simplifies the creation of the model tremendously. Its power, however, comes from
the wide variety of solvers featured. Aithough they can only be coupled in specific combi-

nations they allow for the simulation of a wide variety of problems.

However, the complexity of the program also makes it more difficult to get results
without acquiring some level of experience first. In fact Microcosm Technologies even re-
quires that potential customers attend a 3 to 5 day training course before demo requests are
honoured. Due to this steep learning curve MEMCAD is probably not the tool to enter the
field of simulation with. It might be better to start off with a standard simulation package
and wait until the specific requirements of the project are determined to see if they could

be fulfilled easier with MEMCAD.
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F.3.1.2 IntelliSuite'
IntelliSuite is a software package developed by the IntelliSense corporation for the design

and the simulation of MEMS. It consists of the following parts:
» Mask Layout Editor
* Process Simulation
* Anisotropic Etch Simulator
* Material Database

* Device Analysis

Comprehensive Mask Layout Editor
The mask layout editor allows import and export of GDSII and DXF files as well as other

standard vendor formats. It features local and global mask editing (cells) as well as the vis-
ualization of multiple mask layers while operating on a certain vendor. It runs on UNIX and

Windows NT and is available as a stand-alone package.

Process Simulation and Visualization

In IntelliSuite MEMS structures are created by using process information, mask layouts
and by defining the process steps used for manufacturing the devices in a fabrication facil-
ity IntelliSuite provides 3D visualizations of the structure at any process step to aid in de-

tailed device design.

In addition to the process visualization, a fabrication simulation is automatically per-
formed which is able to predict fabrication-induced effects often playing a significant role

in the functionality of the built device.

AnisE
The AnisE module in IntelliSuite can simulate 3D bulk silicon anisotropic etching. It is ca-
pable of predicting the effects of etchant temperature, concentration, and etch time on the

final geometry. It also allows for the modelling and visualization of corner compensation

1. See [F5]
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and process tolerances with its graphical user interface. Results can be exported in DXF and

VRML format. AnisE is also available as a stand-alone product.

MEMaterial
MEMaterial was the first module of the IntelliSuite. It was developed to address the issue

of lack of thin-film material information. It features an extensive thin-film material data-
base, a muiti-dimensional estimation routine, 2D and 3D visualization as well as unit con-

version.

Device Performance Analysis
After performing fabrication simulation, IntelliSuite performs fully-automatic creation of
the 3D meshed structure based on the fabrication steps and mask layouts.After the creation
of the preliminary mesh users can locally refine the mesh in areas of interest. A special fea-
ture is the ability to refine the mechanical and electrostatic mesh separately.

In addition to the automatic meshing engines the model can also be generated and
meshed using and interactive mouse and menu driven interface.

After the creation of the 3D numerical models and mesh the analysis modules provide
fully coupled thermoelectromechanical analysis of the structure. The following types of

analyses can be performed:
* Electrostatic
e Thermo-Mechanical
¢ Coupled-Thermoelectromechanical
* Fluidic
¢ Electromagnetic

Summary
IntelliSuite certainly is an interesting tool for MEMS simulation. I provides all necessary

features without being as huge as MEMCAD. One of the key features for modelling and

simulation of MEMS is the process simulation which definitely would make everything
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much easier. Also very positive is the capability of the device performance analysis which
features everything the DalTech MEMS Group would require but nothing more.

On the other hand, two parts of the suite already exist at DalTech in similar form. The
mask layout editor is certainly comparable to L-Edit. And although our on-line etch simu-

lator might not have as many features as AnisE it is sufficient for our purposes.

F.3.1.3 MEMS Pro!
MEMS Pro is a MEMS design package by Tanner EDA. It is not really a simulation pack-

age. But as it is basically an add-on to L-Edit, the layout editor that is used in the MEMS
Group here at DalTech, a short description of some of its interesting features follows.

While L-Edit has many good features and is rather easy to use it was clearly designed
for the creation of microchips not micromachines. Many features that would be very helpful
for designing micromachines are missing.

One major example is the cross-section tool. It only allows to view cross-sections in
one direction. If any other direction is desired the whole cell has to be rotated until the de-
sired direction equals the one direction L-Edit can handle. On top of that the cross-section
tool can only display boxes, rectangular polygons. Angular polygons as well as circular lay-
outs are completely ignored. As micromachines usually involve a high number of angular
polygons and circular layouts the cross-sectional tool is more or less useless for the design-
ing MEMS. The design of micromachines would be much easier with a tool that allowed
for 3D vision of the design.

Also the export features of L-Edit are clearly aimed toward the creation of microe-
lectronics. The only formats it supports are CIF and GDSII, both formats for the definition
of microchip designs. Export to analysis software such as ANSYS is not possible as this is
not necessary for microelectronics.

To overcome these shortcomings Tanner EDA developed MEMS Pro. After a disap-

pointing first release the just released version 2 looks very promising.

1. See [F13]
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Drag and Drop from Schematic to Layout
In the new release 2 of MEMS Pro that was released in April 1999 Tanner EDA added S-

Edit to its MEMS Pro package. S-Edit provides the ability to draw schematics of MEMS
devices by using a library of standard parts. Further more these can be transferred into L-

Edit by drag and drop for automatic layout creation.

Fully Integrated Solid Modeller
Also version 2 introduces a new solid modelling feature that allows the creation of three

dimensional models. It uses the MEMS device layout geometry from L-Edit and one of the
supported foundry process descriptions to create this model. The foundry process descrip-
tion is also customizable. Surface and bulk micromachining steps such as deposit, etch, me-

chanical polish, etc. can be viewed without the need for any other visualization software.

MEMS Block Place and Route
Another new feature is the block place and route feature. Amongst other features it in-

cludes:
* Performance-driven automatic routing
* Connectivity-driven manual routing

* On-line signal integrity analysis

Built-In Optimiser
According to Tanner EDA new optimization algorithms incorporated in MEMS Pro V2 au-
tomatically determine device or process parameters that will optimise the design perform-

ance. With the new Optimization Wizard parameters are defined, optimization criteria are

set up and optimization algorithms are chosen.

Link to Ansys
After the creation of the three dimensional model it is possible to mesh it and pass it on to

ANSYS for further analysis. This feature is supposed to be further improved during the co-
operation between Tanner EDA and Ansys, Inc. (See F.3.2.1).



Finite Element Analysis of MEMS Devices 189

Summary
If Tanner EDA can keep the promises the made for release 2 of MEMS Pro it would cer-

tainly be worth taking a closer look at. Unfortunately a demo version will not be available
until June and the current demo version of release 1 is a rather boring self running demo of
L-Edit and T-Spice. The only interesting part of release 1 was a few macros for the auto-
matic creation of common MEMS elements (combdrives, etc.) similar to the MUMPs
CAMEL library.

Nevertheless a closer look should be taken at the demo of release 2 when it becomes
available in June. It might actually make the designing with L-Edit a lot more comfortable.
If it is sold for a reasonable price it might be worth buying.

F.3.2 General Packages

While the previous section gave a description of various simulation programs specifically
designed for the use with MEMS this section introduces two general simulation packages.
Of the numerous general simulation packages a closer look is taken at ANSYS and
ABAQUS. Two packages that are frequently mentioned in articles about MEMS simula-

tion.

F.3.2.1 ANSYS!

ANSYS is one of the worlds leading finite element analysis packages. Especially at univer-
sities it is a very common analysis tool. This is further encouraged by the fairly cheap price
packages for universities which consist of the complete program with a limitation of nodal
points.

Although ANSYS was not specifically design for the use with MEMS the flagship
product ANSYS/Multiphysics features tools for coupled-field analyses in its latest version
ANSYS 5.5.

1. See [Fl]
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Multiphysics

The ANSYS/Multiphysics package combines all the features of the single packages AN-
SYS/Mechanical, ANSYS/FLOTRAN, and ANSYS/Emag. It also includes the ANSYS/
PrepPost package which provides with good tools for pre- and post-processing.

In addition to the features of those packages in the fields of structural, thermal, acous-
tic, fluid, magnetic and electrostatic analysis it features several coupled-field capabilities.
Also the data of all analyses is stored in a single database file (physics file) which simplifies
the interaction of the different solvers.

Unfortunately for the simulation of MEMS, one very important coupled-field analy-
sis is not yet supported by ANSYS. This is the electromechanical coupling. But although
no official announcements have been made there is hope that this feature will be included
in the next version. This is due to cooperation agreements that Ansys, Inc., signed with
leading companies in the MEMS field, Tanner EDA, MEMSCAP and Mentor Graphics,

earlier this year.

Ansys and Tanner

In January this year Ansys, Inc., and Tanner EDA, the market leader in PC-based design
software for MEMS announced their forming of a strategic partnership. With the goal of
accelerating the growth of microsystem product design, the two companies signed a joint
marketing and development agreement to deliver “a new generation of design and analysis
capabilities”.

In its announcement of version 2 of MEMS Pro Tanner EDA states:

... Responding to the petitions of the MEMS design community, Tanner
EDA has joint forces with ANSYS to deliver an unparalleled combination
of the leading mechanical and electrical CAE tools for a complete mi-
crosystems design solution. You will be able to design your MEMS com-
ponent in L-Edit, create a solid model, mesh the model and then
seamlessly pass the model to the powerful ANSYS engine for finite ele-

ment analysis. [F13]
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Ansys, MEMSCAP and Mentor Graphics
In April this year Ansys, Inc., MEMSCAP, S.A. and Mentor Graphics Corporation an-
nounced a partnership to “create a complete and easy-to-use engineering environment for

design of micro-electro-mechanical systems (MEMS)”. Furthermore the announcement

states:

The three partners will work to fully integrate all tools and intellectual
property into a complete MEMS design environment, expected to be
available by third quarter. The products will enable design teams to
seamlessly move from system design to layout, layout to finite elements
modelling with ANSYS/Multiphysics, and then translate results into hard-
ware description languages (HDLs) to permit detailed simulation. The
environment will support industry-specific intellectual property packag-
es from MEMSCAP for rapid development of applications in telecommu-

nications and other arenas. [F1]
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Licensing Options

The following Table shows the different licensing options:

Table F-1: ANSYS Licensing Options?®

192

University University Research
Low High Facuity/Student
Description/Limitations The program is The program is This option is Only for
(see notes below) to be used for to be used for research that is in direct sup-
educational and | educational and | port of acquiring a degree.
research pur- research pur- The program is to be used
poses. poses. for research in the public
domain and requires submis-
sion of annual and final
reports to ANSYS, Inc.
License Fee Cs1100 C$1800 C$4200
(per year)
Maximum Node 8,000 (A) 16,000 (A) 64,000 (A)
Number 8,000 (E) 16,000 (E) 64,000 (E)
16,000 (F) 32,000 (F) 128,000 (F)
Maximum h-Element 8,000 (A) 16,000 (A) 64,000 (A)
Number 8,000 (E) 16,000 (E) 64,000 (E)
Unlimited (F) Unlimited (F) Unlimited(F)
Maximum p-Element 2,000 (A) 4,000 (A) 16,000 (A)
Number N/A (E) N/A (E) N/A (E)
N/A (F) N/A(F) N/A (F)
a. see [F3]
Notes:

1. A University license cannot be used for consulting or any other commer-

cial activity.
The license term is the academic year from September 1 to August 31.

o

3. The license fee includes Ansys/Mechanical (A), Emag (E) and
FLOTRAN (F).

4. Options 1 and 2 do not include User Element capability. Option 3 does if

applicable.

5. Customer support is not included.

6. p-Element technology is only applicable to linear structural analysis.
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Summary
Although ANSYS was not specifically designed for the use with MEMS its reasonable

price together with its broad range of features makes it the ideal tool to start up a simulation
project. The fact that the university package consist of the full version of ANSYS/Multi-
physics with just a limitation of the maximum number of usable nodal points is perfect to

explore all the different areas of simulation that are possible

Also the fact that Ansys, Inc., signed two cooperation agreements with three major
companies in the MEMS area suggests that future versions of ANSYS will be even better

for the simulation of MEMS devices.

F.3.22 ABAQUS!

ABAQUS is like ANSYS one of the worlds leading finite element packages. It is also the
second most mentioned program in articles on MEMS simulation. However, its when con-
tacted the developers of ABAQUS recommended to use MEMCAD or IntelliSuite rather
than ABAQUSS for the simulation of MEMS.

Summary

ABAQUS is a very powerful FEA package that can very well be used for the simulation of
part of microsystems. Especially its non-linear analysis features are very advanced. The
lack of a wide variety of coupled domain analyses, however, makes ABAQUS not the per-
fect candidate for the simulation of MEMS. On the other hand, if an ABAQUS installation

already exists in a department it would still be a good tool to start a simulation project with.

1. See {F4]
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F.3.3 Comparison

Although the presented packages are quite different in contents they all include some of the
features that are important for simulating MEMS devices. The following table list some of
the key features that are important for MEMS simulation.

Table F-2: Comparison of Some Important Features of the Different Programs

g
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Layout Editor yes yes L-Edit no no
Layout Import/Export (CIF, yes yes yes no no
GDSII, etc.)
Process Simulation yes yes yes no no
Analysis Pre-Processor yes yes Export to yes yes
Ansys
Structural Analysis yes yes no yes yes
Fluid Analysis yes yes no yes yes
Electromagnetic/Electrostatic yes yes no yes yes
Analysis
Electro-Structural Analysis yes yes no no no
Fluid-Electro Analysis yes no no no no
Fluid-Structural Analysis no no no yes pore flow
only
Piezoelectric Analysis yes no no yes yes
Analysis Post-Processor yes yes no yes yes
Result Export (TIFF, PS, etc.) yes yes no yes yes

As can be seen from Table F-2: MEMCAD and Intellisense cover most of the important
features including some coupled analyses whereas MEMS Pro is basically a pure layout

and design package. ANSYS does not feature any MEMS specific tools but a large amount
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of coupled analyses whereas ABAQUS is a pure finite element package not allowing for

coupled analysis (except pore fluid flow-mechanical).

F.4 Conclusion

The previous two chapters introduced the problems that might be encountered during per-
formance analysis of MEMS and gave an overview of different approaches as well as dif-
ferent software for the simulation. In this section the status quo at the DalTech MEMS

group is presented and some recommendations are given.

F.4.1 Status Quo
At the moment the DalTech MEMS group owns the following MEMS related software:

e L-Edit - Mask layout editor
e ANSYS/ED - Student version of ANSYS (limit: 100 elements)
* On-line Etch Simulator - Self-developed

L-Edit is a quite comfortable tool for the design of mask layouts but it clearly lacks a 3D
visualization tool. The cross-section tool works fine for extremely simple devices but is of
no use for more complex designs.

ANSYS/ED is very good to get comfortable with the user interface but is far to lim-
ited for the tasks at hand.

The On-line Etch Simulator is a fine tool that is completely sufficient for our require-

ments. Also the future area of work will shift from bulk to surface micromachining.

F4.2 Recommendations

Due to budget limitations it will probably not be possible to buy a license for MEMCAD
or IntelliSuite. Also these programs, especially MEMCAD, provide a lot of features that
would not be used which seems like a waste of money. Although especially the process

simulation and the 3D model of the layout would be very nice to have.
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ANSYS is definitely the choice over ABAQUS as it features more coupled field anal-
yses and the ANSYS/ED version is already available in the lab. The very good prices for
the university packages also favour ANSYS. The one year license also leaves the possibil-

ity to change to another program if ANSYS should not be sufficient any more in a year.

In FEA there are to basic approaches to meshing: shell elements and solid elements.
Shell elements are 2D elements with an assigned thickness. Unfortunately the theory only
works well for element dimensions that are large compared to the element thickness. As
MEMS sometimes involve parts with dimensions that come close to their thickness (e. g.
the fingers of a combdrive) solid elements would have to be used. The downside of the solid
elements is the necessity for more than one layer of elements to adequately simulate bend-

ing. This usually results in a large number of elements.

Considering this the recommendation for ANSYS would be to buy the University
High package. The Research Student package would be even better but probably to expen-

sive.

Using the existing C-program for the conversion of a L-Edit CIF-file into a postscript
file it should not be to difficult to write a program that creates an ANSYS session file to set
up the geometry in ANSYS. Using a small sample file this could even be done with AN-
SYS/ED before the acquisition of ANSYS/Multiphysics in the fall in case there is no pos-

sibility to get the university package in the summer instead of the fall.
Another recommendation would be to take a closer look at MEMS Pro. If the new

version actually keeps what the developer promise in their promotion it would be a really

nice tool to accompany L-Edit.
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