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Thermal Actuator

A: Thermal Actuator

Steady-State Thermal-Electric Conduction
Time: 1, s

20.04.2011 11:51

B voltage: 5000, m
. Woltage 2: 0, mb

. Ternperature: 750, °C Blade

Arm
Deformation

f

Electrical Connection Pad
V =5000 mV Thin Arm

Measurement
Temperature
T=750 °C
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Initial Nominal Parameters

[-] Design Parameters [ [E@]=] Variable Design Parameters:
Mame MNominal Unit * Blade Length
Blade Length 40 urn * Blade High
Blade High 3 — * Thin Arm High
Thin Arm High 1 um * Thin Arm Length
Thin Arm Length 10 um * Arm G?.p
Arm Gap 1 um * Pad High
Pad High 6 um * Pad Lgngth
Pad Length 12 o * Pad Distance
Pad Distance 2 um * Base L?ngth
Base Length 3 um * Base ngh
: * Arm Thickness
Base High 3 um
Arm Thickness 1 urm .
Thermal Conductivity 124 W mm*-1 CA-1 Fix Process Parameters:
Scale of Thermal Expansion 1 * Thermal CondUCtiVity
Material Density 2330 kg mm~-3 * Scale of Thermal Expansion
Pad Voltage 5000 mV  Pad Voltage
Temperature 750 C . Tem_pe_rqture
Material Resistivity 01 chm mm ¢ ReSIStIVIty
Pham www.optiy.eu
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Multidisciplinary Analysis and Optimization

Nominal FE-Simulation

Temperature Distribution Electric Voltage Distribution
Operating Point = 750 °C U = 5000 mV

A: Thermal Actuator
Temperature
Type: Temperature

A: Thermal Actuator
Electric Woltage
Type: Electric Vaoltage

Unit: °C Uit b/

Tirne: 1 Time: L

20.04.2011 1L:56 20042011 LL5T
750,25 Max 5000 Max
a0,22 44444
Fan,2 3863,9
0,17 33333
Ta0,14 277718
70,11 2222,2
750,08 1666,7

750,06
750,03
750 Min

1111,1
555,56
0Min
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Multidisciplinary Analysis and Optimization

Nominal FE-Simulation

Current Density Distribution Joule Heat Distribution

A: Thermal Actuator
Total Current Density
Type: Total Current Density

A: Thermal Actuator
Joule Heat
Type: Joule Heat

Unit: mafrarm® Unit: W/rnm?

Time: 1 Tirne: 1

20.04.2011 1159 20.04.2011 12:00
9,2752e5 Max 72389 Max
B,2446¢5 64346
7,214e5 56303
6,1834e5 48259
5,1529e5 40216
4,1223e5 32173
3,0017e5 24130

2,0611e5
L,0306¢5
0,096115 Min

16036
40432
1,8998e-8 Min
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Multidisciplinary Analysis and Optimization

Nominal FE-Simulation

Arm Deformation Equivalent Stress (von Mises)
X =0.23 ym (max) P = 1734 Mpa (max)

B: Static Actuator B: Static Actuator

Total Deformation Equiralent Stress

Type: Total Defarmation Type: Equivalent (von-Mises) Stress
Unit: rarm Unit: MPa

Tirme: 1 Time: 1

20.04.2011 12:01 20042011 12:01

0,00023905 Max 1734,8 Max
0,00021249 1542
0,00016503 13403
0,00015937 1565
0,00013281 963,78
0,00010625 T7L03
7,9684e-5 574,29
5,3123e-5 365,54
2,6561e-5 192,79

0 Min 0,046992 Min
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Multidisciplinary Analysis and Optimization

Nominal FE-Simulation

1. Resonance Frequency - :
f=081 Hz Electric Field Intensity

C: Madal Actuator A: Thermal Actuator
Total Deformation )
T o Datammation Total Electric Field Intensity

/e Type: Total Electric Field Intensity
Frequency: 9,8188 Hz

! Unit i

Units mim
20042018 L1447

irne:
20,04.2011 14:49
2456,6 Max

21837 ';g:fﬁz Max
19107
e 72140

13643 61334

e
818,87 swpr
20611

10306
0,0096115 Min
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Design Specifications

Design Parameter Space: Fix Process Parameters:

- Blade Length = [37.5, 42.5] um * Thermal Conductivity = 124 W mm”-1 C/-1

« Blade High =[2, 5] um + Scale of Thermal Expansion =1

e Thin Arm High =[O0, 3] um « Pad Voltage = 5000 mV

« Thin Arm Length =[7.5, 12.5] pm « Temperature = 750 °C

« Arm Gap =[0.5,1.5] um * Resistivity =0.1 ohm mm

« Pad High =[5, 7] um

« Pad Length =[11, 13] um Uncertainties = 5%

« Pad Distance =[1.5,25] um with Normal Distribution

* Base Length =[2.5,3.5] um

« Base High =[2.5,3.5] um

« Arm Thickness =[0.5,1.5] um Functional Requirements:

* Deformation =[0.2 , 0.24] ym
Geometry Tolerances = 0.2 ym « Stress = minimal as possible
With Normal Distribution * Frequency = maximal as possible
e WWW.optiy.eu
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Multidisciplinary Analysis and Optimization

Design Space: 2D Section Diagrams

BElade Length
408

Elade High
326

Thin Arm Length
118

Thin Arm High
14

Deformation

Stress
1608 45

Eigenfrequency
-5 27386

0243 \ 1622003 / 9 /
- o \ / b \ /
0237 \ 15322003 -261
37. 40 425 375 40 425 375 40 425
024 16322003 501
0239 16222003 314
0238 1612003 827
2 3 4 2 3 3 2 3 3
24 1622003 2
1238 16222003 514
0237 161e+003 927
75 10 125 75 10 125 75 10 125
.24 1622+003 -B3E
0233 16222003 -5.13
16122003 527
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Design Space: 3D Graphics

Deformation Stress

Temperature Temperature

Arm Gap

Stress
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Global Sensitivity: Parameter Importance [%]

Pad Distance
Blzde Length
Thin Arm Length
Baze High

Arm Gap

Baze Length
Arm Thickness
Thin Arm High

Pad Length

Pad Voltage

Thermal Conductivity
Waterizl Density

M aterizl Resistivity

Scale of Thermal Expansion

Temperaturs

Deformation

B Totsl Effect
B Main Effect

Blzde Length
Thin Arm Length
Pad Distance
Baz= High

Arm Thickness
Thin Arm High

Base Length

Pad Length
Thermal Conductiity
I aterizl Resisthity

W aterizl Density

Scale of Thermal Expansion

Pad Voltage

Temperaturs

B Totsl Effect
B Main Effect

Thin Arm High
Arm Thickness

Baze High

Thin Arm Length
Pad Distance
Base Length

Pad Length

Thermal Conductivity

W =terizl Density

Sczle of Therms

I sterizl Resistivity

Pad Voltage

Temperaturs

Eigenfrequency

Expansion

B Totsl Effect
I Main Effect
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Multidisciplinary Analysis and Optimization

Global Sensitivity: Parameter Interaction [%]

e Length*Baze High
Thin Arm Length* i
Thin Arm High®
Arm Gap*Arm Thickness

Thin Arm Length®Arm Gap
Blzde length*Base Length

e High*Arm Thickness

Pad Distance®Arm Thickness
Arm Gap*Basze High
Length*Baze High
Length*Thin Arm High

Thin Arm Length*Ba
Thin Arm High*Base High

Arm Gap*Baze Length

Thin Arm High*Base Length

Pad Length®Arm Thicknezs

Thin Arm High®*Thin Arm Length
Thin Arm Length*Base High

Thin Arm Length®Arm Thickness
Base Length®Arm Thickness
Thin Arm High®Arm Thickness

Bl Length*Pad High

Thin Arm Length*Pad Length
Blade High®*Arm Thickness

Thin Arm High®*Arm Gap

e Length® High

gh*Thin Arm Length

Deformation

Thin Arm Length*Baze High

2d Distance®Arm Thickness
= High®Arm Thickness
e Length*Blade High
stance] Length
e Length*Thin Arm Length

Thin Arm High*Thin Arm Length
ength®Arm Thickness
zde Length*Arm Thickness

e High®*Thin Arm High

Thin Arm High®Arm Thickness
Blade High*Thin Arm Length

2 High*!

d [
aze High
ade Length*Thin Arm High
a0 High®!
e Length®
Thin Arm Length*Pad Distance
Blade High* Length
Thin Arm Length®B:
Thin Arm High*Base
zze High®Arm Thickness

Thin Arm Length®Arm Thickness
e Length*Pad Hiy
Thin Arm Length*P;
Pad High®Arm Thickness

Thin Arm Length®Arm Gap
*Arm Thickness

Thin Arm High®Arm Thickness
Thin Arm High*Pad High

Thin Arm High*Base High

Pad High®Arm Thickness

3z& High®Arm Thickness

Thin Arm Length®Arm Thickness
Thin Arm High®*Thin Arm Length
Thin Arm High*Pad Length

Thin Arm High*Base Length
Thin Arm High*Pad Distance
Elzde High*Thin Arm High

Thin Arm High®Arm Gap

Pad Length®Arm Thickness

Pad High®| High

High* Arm Thickness
Length*Thin Arm High
Length®Arm Thickmess
stance™Arm Thickness

Arm Gap*Arm Thicknes:
Length*Arm Thickness
Thin Arm Length*Base High
Thin Arm Length*Pad High

Thin Arm Length®B:
ength®
High*Thin Arm Length

zde High*Baze Length
Arm Gap®] High

Eigenfrequency

c

12022
11888
11848
11829
117:8
11701
11548
11421
11147
11127
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Multidisciplinary Analysis and Optimization

Opti

Nominal Design Optimization

i st Eigenf imi i .
O s 1508 45 e Optimization Goals:
Blade Length B HozesosE * * Constraint: 0.2 ym < Deformation< 0.24 ym
4’55 - - - - -
e N . * Criteria:  Minimize Stress and Frequency
L5%e:003 261 Nominal Design:
75 40 425 TS 40 425 W5 4D 425 .
Blade High 024 L632+003 501 * Arm Deformation = 0.24 Mm
326 1 —
» Stress von Mises = 1608 Mpa
0239 1622003 -214
* Frequency = 9.27 Hz
0238 1612003 327 P
_42 : + — : : # _ - : 4 B Design Parameters EI@
IT': Arm Length - T ’ Mame Mominal Tolerance Unit
Blade Length 40.75 0.2 urm
oo L2e-00 e Blade High 3.2625 0.2 um
Thin Arm High 14 0.2 um
0237 16122003 327 Thin Arm Length 11.75 0.2 um
7E 10 L 7E 10 L 75 10 1 Arm Gap 1.45625 0.2 um
Thin Arm High 024 162e-003 B.5E Pad High 5325 02 um
L Pad Length 12625 0.2 um
0233 L62e+003 -3.13 Pad Distance 2.04375 0.2 um
Base Length 31 0.2 um
0237 161e+003 e ==L 2L 0.2 um
o 1 2 o 1 2 1 2 Arrn Thickness 1.34375 0.2 urm
Arm Gap fs L632-003 : Thermal Conductivity 124 6 W mm~-1 C -1
Scale of Thermal Expansion |1 0.05
Material Density 2330 116 kg mm*"-3
Pad Voltage 5000 250 mV
Temperature 750 10 G
Material Resistivity 01 0.005 chm mm
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Nominal Design: Geometry Tolerances

EBlade Length Elade High Thin Arm High Thin Arm Length
124 1z 121 121
332 9.03 211 s.08
621 6.02 6.07 6.05
31l 301 304
407 408 408838 326 3 14 116122 117 7 118 118818
Skewness Skewness 04 Skewness Mean Skewness D.00661955
Kurtosiz Sigma Kurtosiz 2 Sigma Kurtosiz Sigma Kurtosis 2
Variance Wariance Wariance Variance
Arm Gap Pad High Pad Length Pad Distance
125 12z 121 12z
935 214 916
623 61 6.06 61
117 105 103 10z
146 152 159314 616745 624 632 126 203
Skewness MEOGE1L Skewness Skewness Skewness
Kurtosis 238466 Kurtosis Kurtosis Kurtosis
000110203
Base Length Base High Arm Thickness
122 123 122
211 217
6.08 617 611
3.04 3.08 3.06
3l 309 316 323618 119803 127 134
Skewness Skewness Skewness
Kurtosis Kurtosis Kurtosis
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Nominal Design: Uncertainty Parameters

- ) Thermal Expansion Curve

£ (Material: Silicon Anisotropic)
i Scale Factor =1  (Nominal)
B o e e o St e Uncertainty = 0.05 (Range)

Temperature (-10%) [C]

Thermal Conductivity Scale of Thermal Expansion Material Density
0407 483 00206
305 362 155
0204 241 00103
0.102 121 000516

124 126 128453 0561553 038 0553 102 103678 23224003
Skewness 0.00358741 Mezn Skewne: Skewne
Kurtosis 255266 Sigma 0 Kurtosis Kuartosi
Wariance 6.56586e-005
Pad Voltage Temperature Material Resistivity

0.00483

0.00241

Mean

Sigma

Pham Warance
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Multidisciplinary Analysis and Optimization

: . N : 0.2um = X<0.24 pm
Nominal Design: Reliability Analysis Failure Probability = 6,69%

Deformation Stress Eigenfrequency
&80 , , 0104 , [T , ,
435 0oTTe
330 00519
165 0025
4] ]
02372610233 0241 0243 024433 158381522003 162+003 16le=00362436 -2 E3E45 357 234 -317 -B3%018
Mezn 0238352 Shewness 115813 Mezn 161824 Shewness -1 0044 kezn -2 10518 Shewness -1.1001
Sigma QUDDrors T Kurtosis 420141 Sigma LZETIE Kurtosis 402824 Sigma 013781 Kurtosis 404303
Warianoe B_2B045e- 007 | Failure Probabill D.OG66EE/0U0668 | Varance 278554 Warianoe [UD0EI014

www.optiy.eu
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Opti

Robust Design Optimization

o i B Optimization Goal for Arm Deformation:
Blade Length = Lozes03 e Minimize Taguchi Quality Loss Function
E] o
L = Cost*(Variance + (Mean — Target)?)
0235 161==002 -BE3 .
e Cost =1 Unit
0232 1624003 838 » Target = 0.22 um (Center of [0.2, 0.24] ym)
375 40 425 375 40 425 375 40 425
Blade High 0237 1632-002 -BE .
e E Design Parameters EI@
0235 161le=002 -Bg
Mame Maominal Tolerance Unit
Blade Length 39.0434436 0.2 um
023z 16e=002 -B53
2 E 4 2 E 4 2 E 4 Blade High 363425021 02 um
Thin Arm Length e Lb2=-002 -El Thin Arm High 0462617002 0.2 um
e Thin Arm Length 111842729 0.2 um
o Hee e Arm Gap 0.910124825 0.2 um
Pad High 544480182 02 um
0232 16=-0032 -B3E
7s o 125 75 0 12t 75 0 12t Pad Length 12.3354025 02 um
Thin Arm High o 18322003 -5 Pad Distance 221580326 02 um
£ Base Length 27344334 0.2 um
oz Lele-0o3 e Base High 3.0540857 0.2 um
Arm Thickness 1.03574304 02 um
S ML ——— L — Thermal Conductivity 124 6 W mm#-1 -1
Arm Gap 0237 16222003 581 Scale of Thermal Expansion 1 0.05
o5l Material Density 2330 116 kg mm®"-3
0238 Lele-003 23 Pad Voltage 5000 250 mY
Temperature 750 10 C
Material Resistivity 01 0,005 chm mm
1
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Robust Design: Probabilistic Analysis

Deformation Stress Eigenfrequency
i i i uDEST i i i 103 i i

00522 7

00348 £13

0.0174 257

1] a
022381 0227 023 0234 0237157 1552371 572+003 15%e+003 161e+D03162573 -E55304 -BEE -ET74 -BEL -B4TTV4
Mezn 0234744 Skewness -134211 Mezn 16121 Shewness -1 37851 Mezn -B.B3317 Shewnes:s 144282
Sigma Q00227934 Kurtosis 458033 Sigma 12 3038 Kurtosis 463493 Sigma 00855574 Kurtosis 452757
‘Warianoe 5.1954e-006 Failure Probabilit 0 ‘Warianoe 15153 ‘Wariance QU7 IH00E
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Robust Design: Design Sensitivity

Parameter Importance Parameter Interactions
Deformation Deformation
Scale of Thermal Expansion 5025 Scale of Thermal Expansion*Materizl Resistivity  7.517
3485 Thermal Conductivity*Scale of Thermal Expansion 3489
I aterisl Resisthvity 3012 Scale of Thermal Expansion®Materiz] Density 3359
1244 Scale of Thermal Expansion*Pad Voltage 2831
Thermal Conductiity 1587 Thermal Conductivity*Materizl Resistivity 2103
551 Materisl Density*Materisl Resistivity 1578
Materizl Density 14.5% Pad Voltsge*Materisl Resisthity 1758
padVoitage i‘;‘; Themw_.mc.nnd_unwmﬂrdateﬁal Density 106
E85 Materisl Density*Pad Voltage 0.885
Pad Distance 0z Thermal Conductivity*Pad Voltage 0.88
012 Arm Thickness*Scale of Thermal Expansion 0.046
Zrm Thickness 018 Ecale of Thermal Expansion*Temperature 0.03
0o Pzd Distance*Scale of Thermal Expansion 0028
Tempersturs INES Arm Thickness*Material Resistivity 0027
o7 Base High*Material Density 0.024
Base High 008 Pad Distance*Material Density 0.021
oo Bas= length*Scale of Thermal Expansion D021
Base Length oo7 Base HighScale of Thermal Expansion 0019
i e Pad Distance*Materisl Resisthity 0.018
Thin Arm High gg; Temperaturshistens Resistity o.oLe
B Totsl Effect Pad Distance*Thermal Conductivity 0016
I Mzin Effect Thin &rm High*Scale of Thermal Expansion o0o1s
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Conclusion

Nominal design using classical nominal simulation cannot warranty the
reliability and quality of the products, because the nominal parameters are
only one fix value.

Six sigma design is a power-full tool for design of reliable and quality MEMS
in the early design stage without any cost. It considers the uncertainty
parameters as stochastic distributions.

In the case of the thermal actuator, we have got a robust design with zero
failure probability for the manufacturing.

OptiY® is the leading software platform for robust design of all engineering
fields using different commercial CAD/CAE-software or in-house codes.
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