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Effects of heating on mechanical deformation
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° Embedded actuation:
Actuator and mechanism are together.

s
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Heatuator: Series connection

(Guckel et al., 1992; Comtois and Bright, 1996)
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Heatuator: parallel connection

(Moulton and Ananthasuresh, 1997)

Parallel connection

X

Bends
down
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Heatuator: working
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Heatuator with elective doping
(if made with silicon)

Deflection HT11 Y RLTE

+3.00E+02
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ETC expansion block
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ETC Parallel micro manipulator

With three degrees of
freedom; Made using

MUMPs, polysilicon.
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Devices made with PennSOIL

Doped Silicon
| ] ‘ . . ’/ 510,
Silicon
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Modeling
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Governing equations (steady-state)

Electrical Domain
V-(k,VV)+i, =0 in Q
v=v, onl .
m-(k,Vv)=f, onT
Elastic Domain
Ve6+F =0 inQ
G=E[e-a(l -T)I] inQ

VU +(Vu)'

&= in Q
2
u=u, onl,
&n=f, onl,,

Thermal Domain
V-(kVT)+¢, =0 in O
G =k ,Vv-Vvin O
T=T, onl';

~

-(k,VT) = 1; onTl ;

=1

t

Inter-domain Coupling

k,(T), ar(v), E(T), «T),
Nonlinearity

k(D) & (T), f(T),

E(T), «T).
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Thermal modeling

Convection
> Temperature dependence of heat transfer properties.

> Size dependence of heat transfer properties.
Radiation
> View / Shape factors.

> Radiation heat transfer between parts of the same device at
different temperatures.

Boundary Conditions
> Essential Boundary conditions at the device anchor.
> Natural Boundary conditions at the device anchor.
Conduction through trapped air volume

> Conduction between parts of the same device at different
temperature with an intervening trapped air volume.

> Conduction from the underside of the device to the substrate
through the air trapped between them.

Temperature dependence of thermo-physical Properties
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Why convection and radiation ?

Thermal Expansion Device (TED), Cragun & Howell (1998)

Without convection or radiation  \With convection and radiation

TEMP VALUE

+2.009E+02
+L 16E+02

+6. Z4E+02
+T.33E+02
+8. 41E+4082
+9 49E+02
+1. 0EE+03
+1.17E+03
+1. Z7TE+03
+1.3BE+03
+1.49E+03

l+l. ROE+03
+1.47E+04
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EBC v/s NBC

Essential Boundary C
Thermally Grounded

Silicon Device
SiO,

Silicon Handle
Glass

Ground

Natural Boundary C
Not Thermally Grounded
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The Finite Element model

20 node, 3-D Continuum elements in ABAQUS

Fully Coupled Electro-Thermal Analysis
Sequentially Coupled Thermo-Elastic Analysis

With temperature dependent material properties and
heat transfer coefficients.

G.K. Ananthasuresh, Indian Institute of Science



17 Thermal Boundary Conditions

and Scaling : Case Studies

> Same Maximum Temperature at Steady State
» EBC + Meso

» NBC + Meso Made using PennSOIL
> EBC + Micro

> NBC + Micro

Made using MUMPs
> Same Power Input
» EBC + Meso .
> NBC + Meso e Same Applied
> EBC + Micro Volta ge .
> NBC + Micro Experlment
— EBC + Meso
— NBC + Meso
— EBC + Micro

— NBC + Micro
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Same Maximum Temperature

TEXE

VALUE
+3. 00E+D2

+3. 00E+02
+4 03E+02
+5 18E+02
+6. ZTE+02
+T. JEE+02
+3. 45E+02
+9 5SE+0E
+1. 0EE+03
+1. 17E+03
+1. 20E+01]
+1. 33E+03
+1 EO0E+03
+INFINITY

Meso / EBC Meso / NBC Micro/ EBC Micro / NBC

alnyeJadwa]
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Same Maximum Temperature

Meso Micro

Juswiade|dsiq
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Same

Maximum Temperature Normalised Transverse Displ.
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._.
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EAALE - eeeens ST beeeens €l Lot b e e

% of actuator length
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i : B—=a meso MBC ; ; ; ; ; ; —=a meso NEC
H m.lcrl:l EEC .......... Il ......... :. ......... :. ......... :. ......... :. ......... : ........ lﬁ ‘} m-ll::r-l:l EBC-
#=% micro MBC : : : : : : =% micro NBC

o ; ; ; ; L —— : . ; ; ; ; ; ; . : l
4 & g 1@ 12 14 16 18 20 22 24 4 & g 10 12 14 18 13 20 22 24

Applied Potential V Applied Potential V
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Meso scale EBC Meso scale NBC

50 ! ! T T T 15 T T T ! ! T l T
—il— Finite Element Analysis . i : I
3 1 | | = anal model m ; 5 I
A~~~ r | ==O== Experiment 1 | O expt (I
E 490 -+ A (al - - ! ! !
=S | —@— Analytical Model ! ]
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-
S :
o
(&
(D)
L B
D 20 _
©
o
10 |
0

20

Applied Voltage V
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More complicated geometry

242 array - Intermediate Node Temperature
1300 T T T T T T T T

1zl *—*  Anal T1

. & — -0  Abagus T1
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megsured here &——0 Ahagus T2 ; 5 ,
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/ S W0+ ==+ Ahagus T3 i
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Applied Voltage V
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One dimensional approximation

R T, Narrovgs arm, seg. 1
[ «— End
R, x connection
T .. / N , seg. 2
R, R, Flexure Wide arm, seg. 3
, seg. 4
Electrical Model Thermal Model
Beam, _ _ e 1\_T ..... -
Encastre] T Elastic Model
supportd  _ . _. e _; Deam
Beam, Beam,

(Maizel’s theorem to compute the output deflection)
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Parameters for analytical modeling of
electro-thermal-compliant actuator

Narrow beam

-~
R SUERY DR

Flexure

A

L
o oL / U Commector
< #.| OecIon
A — A
= (< p2L

vooooopt] ML

A A
| 15 ride pecy g K;

ij ide beam (]—pj)L

Out-of-plane thickness = &L
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Electrical analysis

I Narrow beam R
/ >| Connector

@__ % ’-’;);Lf’-b-’-b-'-' E
Flexure > IT ide b ) K;
ij ide eam (] P!)L ) R IOe :

Out-of-plane thickness = p, L

R:R1+R2+R3+R4:/Ee{ 1 N l+(l—p1)_|_ P, }:¢e,f?e

N

for1=1234

PP, B P: Ps P: P, L
Notice how resistance, vV _ LV
current, and "R 4.
dissipated power vary 5 _j2p_ LV :
with scaling. e b.p.
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Coupling between electrical and thermal analysis

Q,

~

_JR L2
AL #A,
V 2
- 92 pt2 p22 sze
V 2
~gEppilip,
V 2
@ZpZpilip,
V 2
g2 pipilp,

1=1,2,3,4
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Thermal analysis

Narrow beam R 1

Out-of-plane thickness = p, L

) : Temperature profile in the
d“T.(x) Qei : connector is not modeled
2 + — O I — 1’ 3, 4 M . M M
dx k as it is negligibly short.

t

Ti(x):—S;‘ x°+ax+b =134

t

Six constants to be evaluated from the boundary conditions.

G.K. Ananthasuresh, Indian Institute of Science



28
Boundary conditions to solve for constants

Q. |
T(X)=———x*+ax+b =134
2k,
1. Temperature raise at the left end is zero.

T,(x=0)=T, > b =T,

2. Temperature raises at the interface of first and third seg(rilents are equal.
T,(x=L)=T,(x=0) ==> - ; L +a,L+T, =b,

2 t
3. Thermal equilibrium of the second segment

dT dT :
~k A—Y kA —/ + L, =0 i

Q. :
—k,p,p,L*| - - L+aljktptp3L2a3+Qe2 p,p;L° =0

t
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Boundary conditions (contd.)

1=134

Ti(x) =
t
4. Temperature raises at the interface of third and fourth segments are equal.

T,(x=L;)=T,(x=0) — —Sk (- p,)?L2 +a,(1— p,)L+b, =b,

5. Heat flux continuity at the interface of third and fourth segments.

dT dT, Q,
ktA3d—X3 —0|:>kptp3L{ > (1- pl)L+a3] k.p,p,L*a, =0

—k A, —2
dx |,

6. Temperature raise at the end of the fourth segment is zero.

AN
T,(x=L,)=T, |:> p,La, +b, =——+T, =c,

e e 't

V 2
_ ¢ Notice the lack of
— Ptmax

Total temperature raise = scaling effect!

e 't
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Elastic analysis

............ .B_e.ezr.rh._._._._._._._._,
Encastr

;
supportd, _ . _. . _;j Beam,

Beam, Beam,

Maizel’s theorem to find the vertical deflection at the tip.

4 _Li A ]
A= Z _[Faxiali (X)O({T (X)i _TO}dX
=1 | 0 1
Notice on what quantities
A » the relative deflection
—=¢V depends.
L P e kt

With convection included,
it would be different.
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Maizel’s theorem in 3D

A:J(&X +6,+6,)(a(T-T,))dv

O, =normal stress in the x
direction due the application
of a unit force at the point of
interest in the direction of
interest

Similarly, for Oy , O,

T (X; Y, Z) = temperature distribution
obtained from thermal
analysis
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With convection included...

Without convection...

— ¢V2—oc |° d(;r)i(gx)+lei:
PeK; t
With convection...
A1 d°T(x) _hp(T,-T,) | @
— oC —— " + =
N dx kA k
2
Tl Vo1

h phL L
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Main points

> Electro-thermal-elastic actuation is easy to

implement in practice.
> Large forces and displacements

> Slow

> Coupled modelling is sequential, usually...
> Temperature-dependent properties make it
nonlinear.

> Reduced order modelling is convenient and
useful.
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