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Verification

Plate Model ESBGK Model

A Cantilever bending A Temporal/Spatial

A Fixed plate vibration convergence rate

A Residual stress A Couette flow with slip
Constitutive Models A Fluid damping

A Viscoplasticity MPM Model

A Creep A Pull-in

Contact Model A Viscoplasticity/size effects

Parallel Performance

A MEMOSA-FVM-IBM

A MEMOSA-FVM-Electrostatics+IBM
A MPM
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Plate Element Model

Formulation

A Plate element model based on Mindlin-Reissner plate
theory

A We solve for vertical deflection, and rotations about x
and y-axes

A We balance moments about x and y-axes and force in
the z-axis

Finite Volume Method

A Mid-plane of plate divided into arbitrary convex
polyhedra or cells

A Balance moments and forces on cells
A Fully-implicit second-order accurate formulation
A

Direct solve using UMFPACK or iterative
BCGSTAB/AMG solver
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Verification: Canti

Cantilever Plate
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Percentagerrorwrt exact solution

P=100N

Mesh | L/h = 10| L/h =100
SX5 0.497 0.5
10x10| 0.124 0.125
20x20| 0.031 0.031
40x40| 0.008 0.008
Phal
VAR .. o crasystoms

ever Bending

Exact solution from
beam theory:

PCe / g, _2 ha
W=—~ < [ =— :
30§ 4 B k¥

Plate model accurately predicts
deflection at the free end

No shear locking for large aspect
ratios

Errors decrease by factor of 4 as
mesh is refined by factor of 2

A Second-order accurate
spatially



Verification: Transient Vibration of Fixed-Fixed Plates

AUndamped vibration
AAspect ratio L/h=200

l lq =-1 fa AUniform load applied suddenly at t=0
| | | A40x40 spatial mesh; Dt=10°'s E h
/1 ' ' AEuler-Bernoulli beam theory (7=0) W=103 |— ]
> " >~ 100 um
400 um
Mean Plate Natural

o Deflection (um)| Frequency (Hz)
0005100 | Analytical -5.0x10% 6.497x10
. FVM -4.99x10 6.485x10
; -4.00E-10
: -6.00E-10 - Cp: (Xlo-g S)

$00E-101 Time (us)

-1.00E-09 5 25 1 25
-1.20E§30E+00 1.00E-05 oy 800505 1.20E-04 25 -8.64160 | -8.66507 | -8.67684

— é, W, - W 0=
P= [1/ |n(r21)]e|n =0.992  Fjrst-order
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Residual Stress

Top Electrode L =400 um
— b =100 um
h=4um
- | g=3.75um
V) \( E = 200GPa
Bottom i Air Gap n=0
Electrode — 160x40 mesh for plate model
1000x20 mesh for structure model
. Max Deflection (um) top
Voltage Residual electrode
(V) Stress Plate Structure
(MPa) | Memshub Model | Model
0 -0.2148 -0.2159 -0.213
100
50 -0.1182 -0.1188 -0.118
0 -0.6868 -0.6903 | -0.6778
160
50 -0.3332 -0.3348 | -0.3321




Plasticity and Creep

Viscoplastic Model

2
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The strain tensor is assumed to be the sum o, 20,
of elastic and plastic components 1 3
S =0'——Itr(0'); O . =4|=S.S.
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Creep Model
o ~M
: : _ ag O
The stress tensor is related to the elastic é = Ax—p
part of the strain tensor: Coy
s =2 ,(7 & p)e +tr(/ 5)?L 5y:5y0%+8(e¢”) 8
2 p =
Ir'w :
“(2 )-Dc[>an+n(Dw)T+/|tr(Dw)]: o
Lt m = 1: Diffusion Creep
rf 'DC[EmGH' /Itr(ep)] m = 2: Grain-Boundary Sliding

m > 3: Power-law Creep
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Verification:Creep Model

400 um

A
v

"4 um

N

10000 Pa

<«

0.0002

0.00015

0.0001

SE-S

0
-SE5
-0.0001
-0.00015
-0.0002

Elastic Strain

500 hrs

0.00025
0.0001875
0.000125
6.25E45
0
-6.25E45
-0.000125
-0.0001875
-0.00025

Plastic Strain

‘PRISM

NVSA Center for Prediction
of ReNataity, Integuity and
Survivabiity af Mcrosystems

E = 200Gpa
n=0

m=2
n=2
A = 8.33x10%/s
B=1.8x10
pt=1hr

Mesh Size: 20x1000
S, =1GPa

y rupture
strain| © constant

Temperature = constant

S I I

Focus: Stage Il creep  fime

After 500 hrs, plastic strain
Is of the same order of
magnitude as elastic strain



Verification:Creep Model
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Good agreement in long-term 21
creep behavior obtained using 5
MEMOSA-FVM structural model S 157 Total Deformation
and plate element model based on -
Mindlin-Reissner plate theory =
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Verification: Visco-Plastic Model

Prtrrrrrttey m M o
D: C g | 4.5B+09
— 4B+09
EAY i — 3.5E+09
@“X' """""" 7 | 3E+09
A B| s i

| 2.5E+09
Computational Domain T PE+09
o Sample Mesh \on-Mises Stress (Pa. SEH09

ST |

Yield Displacement at E (mm)

Perforated ViscaPlastic | Stress (Pa) present Workk CV FVM FE MEVP
Tensile Strip 5.5x10 0.33 0.3239 | 0.3258 | 0.3398
E = 200Gpa 6.5x10 0.313 0.3111 | 0.3123 | 0.3186
f _ ggp . 7.5x10 0.3061 0.3047 | 0.3058 | 0.3099
I\);Iesh Size: 1450 cells Infinity 0.3015 0.299 0.2999 | 0.3019
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Contact Model

f (d) = A g—- 3X

6/7 éd (d X01)
H=0.23"10%]
B=3529" 10°N/n¥ —
x =0.1127 |
g=22.69" 10°m™* z
Xy =1.6"10°m g
X,, =1.997 10°°m
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u+Bexp[ (d- on)g]
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repulsive force

contact force

attractive force
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Verification: Contact Model

AA solid body moves in an electric field and make contact with
substrate

AResults from a full structural solution in MEMOSA-FVM are
compared to the numerical solution of:

Beam dimension: 10x10x2 nm
Beam mesh: 20x20
Background dimension: 12x12x6 nm
Background mesh: 25x25x60

Gap: 3 nm

Voltage: 1V

Density = 8912 kg/m3

Boundary condition: beam at 1V, substrate
at OV, the rest is adiabatic

Beam solution: plate model
Electrostatics & coupling:

parallel plate and field solution+IBM

To o o Do Bo o T T Do Do
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