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=~  Basic Concept: Scaling Guitar Strings 5 Anchor Losses
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Guitar String uMechanical Resna*ror Fixed-Fixed Beam Resonator Elastic Wave Problem: direct
Radiation anchoring to the

Metallized
Electrode >

substrate = anchor
radiation into the
substrate = lower Q

i £ : Anchor Solution: support at
i olysilicon . ‘ = 300 at 70MHz motionless nodal points
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[Bannon 1996] Performance:
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ﬁﬁ. 92 MHz Free-Free Beam pResonator W, Higher Order Modes for Higher Freq.
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* Free-free beam pmechanical resonator with non-intrusive 2" Mode Free-Free Beam 3rd Mode Free Free Beam

supports = reduce anchor dissipation = higher Q

Support Flexural-Mode

Drive
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Electrode
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' 180
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I Design/Performance: ] E -63 -
L=13.1um, W,=6um 92.25 MHz 2 o 3
h=2um, d=1000A Q=7,450 g 4 8
Vp=28-76V, W,=2.8um 1 S o g
f;~92.25MHz = N Q = 11,500 122
Q~7,450 @ 10mTorr 10131 10134 101.37  101.40
[Wang, Yu, Nguyen 1998] o s s 22 %0 Frequency [MHz]
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& Flexural-Mode Beam Wave Equation 5 Example: Free-Free Beam
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o Free-Free Beam Frequency
~ UG Berkeley,

* Substitute u = usei®’ into the wave equation:
W =|u 1)

* This is a 4™ order differential equation with solution:

u(x) = o cosh kx + @sinh kx + €coskx + Dsinkx  (2)
T Giver o meke .rim,uz during rescrance vibiafim.
* Boundary Conditions:

Atx =0 Atx=¢
Fu Pu .
— =0 — =0 M = 0 (Bending moment
ax? ax? ( & )
Pu Pu M .
; =0 Ex-; 1] ry 0 (Shearing force)
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+  Higher Order Free-Free Beam Modes

* UC Berkeley
Nodal

Mode n Points | X ¥/ /

Fundamental ( f,) 1 2 4730 1.000

Ist Harmonic 2. 3 7.853 2757

20d Harmonic 3 4 10.996 5.404

3rd Harmonic 4 5 14.137 8.932

4th Harmonic 5 6 17.219 13.344 <— More than

10x increase

Fundamental Mode (n=1)

1st Harmonic (n=2)

(b)

X.
3 T .
NG \_//] 2"d Harmonic (n=3)
EE C245: Introduction to MEMS Design LecM 10 C. Nguyen 11/4/08 30

30

Copyright @2020 Regents of the University of California

CTN 3/17/20

& Free-Free Beam Frequency (cont)
UC Berkeley

* Applying B.C.’s, get A=C and B=D, and
(cosh k¢— cos k¢)  (sinh k¢— sin k¢) || o
al= 0 (3

(sinh k¢+ sin k¢)  (cosh k¢ — cos k¢)

* Setting the determinant = O yields
1
coskl= osh ke
* Which has roots at
k(= 4.730 k,¢=7.853 kyf = 10.996

T Tlose Vauso of knl comespord
* Substituting (2) into (1) finally yields: 1 4 dfoart mdes of

- T 02 vibafion!
«e_PA 4 EI Free-Free Beam
k® = Er% > | -“ﬁf p_A [Frequency Equation
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5 Mode Shape Expression
UC Berkeley

* The mode shape expression can be obtained by using the
fact that A=C and B=D into (2), yielding

u, -Q[(%)(eoshkx + cos k) + (sinh kx + sinkx)]
* Get the amplitude ratio by expanding (3) [the matrix] and
solving, which yields
f  sin kf — sinh k¢

@& cosh kZ— cos k¢

* Then just substitute the roots for each mode to get the
expression for mode shape

Fundamental Mode (n=1)
[Substitute k¢= 4.730 ]
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